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ABSTRACT
Neuroapora crassa invertase, a glycoprotein, is an intramural 
enzyme of large molecular weight which exhibits subunit structure.
The biochemical characterization of such a protein is of interest 
because its properties place it in so many areas of current research 
interest. Studies of invertase contribute to research on glyco­
proteins, on quaternary structure and on secretion of proteins, as 
well as to fundamental research on enzymes. The research presented 
in this dissertation reflects the diversity of problems presented by 
invertase. It includes preliminary work on the identification of 
active site residues, research on quaternary structure of invertase 
and studies of secretion of invertase by the slime mutant of N. crassa.
A number of reagents, which could serve as "tags" for detecting 
active site residues, were tested for their ability to inactivate 
invertase.' The following did not prove to be irreversible inhibitors:
1) aniline, pyridoxal, fructose or sucrose with NaBH^; 2) hydroxyl- 
amine; 3) p-chloromercuribenzoate; 4) alkylating agents (bromo- 
acetic acid, iodoacetic acid and iodoacetamide); and 5) 2-hydroxyr 
5-nitrobenzyl bromide. Iodine was an extremely potent irreversible, 
inhibitor even in low concentrations. The enzyme is not protected 
from inactivation by substrate and it is not reactivated by mercap- 
toethanol and cysteine. The sedimentation coefficient, carbohydrate 
content and peptide map pattern of inactivated invertase appeared to 
be unaltered by iodine treatment. Polyacrylamide gel electrophoresis 
indicated that a more negatively charged component is present after 
inactivation. Experiments with radioactive iodine demonstrated that
x
tyrosine and histidine are not iodlnated. Spectrophotometric deter­
minations Indicated that 2 to 3 tryptophan residues were oxidized by 
iodine; other experiments suggested that this oxidation was not re­
sponsible for inactivation. Amino acid analyses suggested that cysteine 
or cystine is oxidized by iodine. A mechanism of inhibition through 
oxidation of these residues to a sulfenic acid is proposed.
The effect of reducing conditions in alkaline solutions on the 
quaternary structure of invertase was investigated. Increasing 
basicity caused the appearance and increase of a "5 S" species in ad­
dition to the undissociated molecule (10 S). Under reducing conditions 
at pH 10.5, the enzyme dissociated completely to a "2 S" form. This 
did not occur in the absence of mercaptoethanol, which suggests that 
disulfide linkages play a role in maintenance of quaternary structure.
A comparison of the sedimentation coefficients of invertase 
incubated at pH 10.5 under reducing conditions at 4 C for various 
time intervals shows that changes are occurring which affect the 
rate of sedimentation. Irreversible changes occur between 24 and 48 
hours of incubation under these conditions. The ability to reassociate 
to-the "10 S" molecule and to regain activity at pH 5 is lost. Fur­
ther studies indicated that the dissociated invertase with an Sonzu ,w
value of 2'.8 S represents intact subunits which can reaggregate to
form active enzyme molecules. Sedimentation equilibrium experiments
revealed that this material is heterogeneous, containing two moieties
of approximately 50,000 and 30,000 daltons. With longer periods of
incubation, the S„_ value dropped to 1.85 S. Solutions of lower S20,w rr
values contained species with molecular weights of approximately 
30,000, 20,000 and, in one experiment, of 15,000. A model system for
xi
dissociation is discussed.
Electron micrographs of thin sections of cells of the slime 
variant of N. crassa revealed that the mutant possessed no cell wall 
during the stages of the life cycle studied. Other aspects of the 
ultrastructure of the slime mutant.are described. Invertase was 
produced by the mutant and appeared to be similar in structure to 
wild-type N. crassa invertase. Over 95% of the total enzyme was 
secreted by the mutant; this distribution was compared to the distri' 
bution of invertase in wild-type N. crassa and protoplasts.
xii
INTRODUCTION
Yeast invertase (EC 3.2.1.26) or p-fructofuranosidase, has been 
the subject of considerable research for the past century. As early 
as 1833, Fersoz noted that sucrose solutions exposed to the action of 
yeast underwent an inversion in optical rotation. In 1860, Berthelot 
extracted the factor responsible for this inversion; he named the 
factor "ferment inversif" (Neuberg and Roberts, 1946). Since that 
time, the enzyme has played an extremely important role in the de­
velopment of enzyme kinetics. It served as a model system for early 
enzymologists, such as Sorenson, Hudson, Michaelis and Menten 
(Myrback, 1960).
Neurospora crassa invertase (RC 3.2,1.32) is the subject of the 
work presented in this dissertation. We have been interested in the 
biochemical characterization of this enzyme and have followed several 
diverse lines of research in the pursuit of this general goal. This 
dissertation-contains the results of preliminary work on the identi­
fication of N, crassa invertase active site residues. It includes 
the results of . continued research on the subunit structure of the 
enzymes, A third section deals with the secretion of invertase by a 
mutant of Neurospora crassa which lacks a cell wall. Because of the 
diversity of these tppics each one will be dealt with separately.
The literature review will include material relating to three 
aspects of the work published on invertase: 1 ) active site studies;
2) subunit structure studies; 3) studies of secretion of invertase. 
In addition, the characteristics of the slime mutant of Neurospora 
crassa will be briefly discussed. Because of the similarity between
1
Neurospora and yeast invertase, the latter will be included in the 
literature survey.
LITERATURE REVIEW
I. Studies of the Active Site of Invertase
A. Specificity and Transferase Activity
The principal enzymatic reaction of invertase is the hydrolysis 
of sucrose to glucose and fructose. It is not limited, however, to 
this particular substrate or to the cleavage reaction. The enzyme 
is specific for substrates possessing a terminal unsubstituted [2 -D- 
fructofuranosyl residue (Myrback, 1960). The afructone portion of the 
molecule may affect the rate of reaction, but otherwise does not ap­
pear to be too important (Trevithick, 1965)» The type of acceptable 
modifications of the afructone portion includes substitution of a 
glucosyl moiety with sugar and nonsugar substituents and replacement 
of glucose by xylose or galactose; oligosaccharides which contain 
(3-fructofuranose are also hydrolyzed (Myrback, 1960a).
Neurospora invertase will hydrolyze |3-fructofuranosides, such as 
sucrose and raffinose, but will not cleave non-reducing glucosides. 
Compounds containing a substituted fructofuranoside ring, such as 
melezitose, are not hydrolyzed (Metzenberg, 1963a).
The first indication that the enzyme is capable of transferase 
action came from two different reports (Bacon and Edelman, 1950; 
Blanchard and Albon, 1950) of the presence of trisaccharides among 
the products of hydrolysis of sucrose by yeast invertase. Subse­
quently, Bacon (1954) showed that three trisaccharides are formed by 
fructosyl transfer to the primary alcohol groups in sucrose.
Trevithick and Metzenberg (1964) demonstrated that Takadiastase
14 14invertase shifts glucose-C into sucrose and fructose-C into
3
another disaccharide, probably fructosyl fructose,. However, they found 
that Neurospora invertase would not produce this shift of radioactive 
label into disaccharides under the same conditions.
B. Mechanism
Fischer, Kohtes and Fellig (1951) proposed a two-step reaction 
mechanism based on their studies of the transferase activity of invertase. 
The first step involved the formation of an active enzyme-fructose 
complex and the release of glucose. The second step entailed the trans­
fer of fructose to water or to another acceptor. Andersen, Thiesen and 
Broe (1969) recently demonstrated that the concentration of free fructose 
produced during the cleavage of sucrose by yeast invertase is consider­
ably lower than free glucose during the course of the reaction. They 
felt that their results confirmed the hypothesis that an enzyme-fructose 
complex forms as the first step of the reaction.
Koshland and Stein (1954) demonstrated that cleavage of sucrose
occurred between the carbon of fructose and the bridge oxygen by
18allowing enzymatic hydrolysis to proceed in the presence of ^ 0  . The
labeling pattern showed that the oxygen of water was incorporated into 
fructose rather than glucose.
Based on these observations, Myrback (1960) proposed the following 
mechanism:
Fructosyl-O-glucosyl + Enzyme-OH Fructosyl-O-enzyme + glucose, 
Fructosyl-O-enzyme + ^ 0  ̂ z^Fructose + Enzyme-OH 
Fructosyl-O-enzyme + R0H^Z±Fructosyl-0-R + Enzyme-OH 
Then, the occurrence of hydrolytic rather than transfer reactions would 
depend on the affinity of the enzyme for a particular acceptor (water
or pritoary alcohol).
Shall, Baseer and Waheed (1971) proposed that an imldazolium 
cation protonates the glycosidic oxygen atom. When the neutral 
alcohol group of glucose Is removed, an unstable Intermediate carbonlum 
Ion Is produced. The electron deficiency is spread over the C-2 bond, 
as well as the ring oxygen. An active-site carboxylate anion functions 
during this stage to stabilize the electron-deficient intermediate. 
Attack on the C-2 cation by a nucleophilic oxygen atom of alcohol or 
water completes the reaction and yields either a fructoside or fructose.
C. Effect of pH
Yeast invertase has a pH optimum of 4 to 5.5 (Myrback, 1960). The 
alkaline branch of the pH-activity curve appears to be due to dissoci­
ation of a weak acid with a pK of approximately 7. The group of pK 7 
is probably the imidazole group of histidine (Myrback and Willstaedt, 
1960) . Apparentlyi ‘ the group is not involved in substrate binding, 
because Kuhn (Myrback, 1960) showed that this part of the curve is not 
dependent on substrate concentration.
Below pH.4, a steep decline in activity occurs, and this has been 
attributed to dissociation of a basic group with a pK of approximately 
3 (Myrback and Willstaedt, 1960). More than one group may be involved, 
since-the activity decreases so rapidly in this region, Myrback (1960) 
concluded that a group of pK 3 is involved in substrate binding be­
cause the affinity of the enzyme for sucrose is lowered in acid solution.
Metzenberg (1963a) found that purified Neurospora invertase ex­
hibited a pH-activity curve similar to that of yeast invertase. The 
pH optimum fell between pH 4.7 and pH 5.7. Kinetic studies of the pH
dependence of the maximum velocity Indicated the Involvement of a group 
of pK 7.04 in the enzymatic process (Trevithick, 1965). Trevithick 
postulated that this group was histidine. Studies of the acid branch 
of the curve were complicated by the dissociation of the enzyme in acid 
solutions. Trevithick (1965) suggested that groups of pK values 3 or 
lower may be important in binding •substrates, if subunit interactions, 
are not involved in the enzyme mechanism.
Do Inhibition Studies
1. Inhibition by products. Josephson (Trevithick, 1965) reported 
the inhibition' of yeast invertase by both glucose and fructose; fruc­
tose was the better inhibitor. Trevithick and Metzenberg (1964) 
applied Cleland’s rules (1963) for interpretation of data derived from 
kinetic-studies of product inhibition of Neurospora invertase. Inhi­
bition by glucose could not be characterized in this manner. It did 
not act as the equation's of Cleland would require for inhibition by
a product and resembled sorbose inhibition. Apparently, sorbose, 
could not act as an alternate product, perhaps because no reverse 
reactions (transferase) occqrred with Neurospora invertase. Fructose 
also gave an unusual inhibition pattern. The simplest explanation of 
the data was that a second molecule of,fructose was bound at the site 
which normally binds afructone.
2. Inhibition by aniline and other organic bases. Aniline 
inhibition-of yeast invertase is instantaneous, non-competitive and 
completely reversible (Myrback, 1961). The inhibition is enhanced by 
increasing pH in the pH range of 3 to 8 . At first, it was assumed 
that the free base form of aniline reacted with an aldehyde group of
the enzyme to form a Schiff’s base. However, Myrback and Willstaedt 
(1961) reported the inhibition of yeast invertase by heterocyclic bases 
(pyridine, piperidine, morphollne and quinoline), which could not form. 
Schiff's bases with the enzyme. The inhibition by these bases ex­
hibited the same pH dependence as aniline inhibition. Kinetic studies 
(Myrback, 1961; Myrback and Willstaedt, 1961) indicated that the best 
explanation of the inhibition was the formation of salt-like complexes 
between base cations and the negatively charged enzyme. Tris, 2-amino- 
2 -hydroxymethyl-l,3-propanediol, exhibited the same type of inhibition 
(Myrback, 1966).
Metzenberg (1963a) reported that Neurospora invertase was also 
inhibited by-aniline. The inhibition was not reversed by increased 
sucrose concentration. Trevithick and Metzenberg (1964) studied 
aniline inhibition with four different substrates, and for each, the 
inhibition appeared non-competitive. They hypothesized that the effect 
of aniline'was due to interference with a step in the hydrolysis re­
action common to all the substrates. This step was the hydrolysis of 
the enzyme-fructose complex. The results of kinetic studies indicated 
that aniline combined at the afructone site and acted as a glucose 
analog. Miwa, Takeshita and Nakamura (1960) were able to recover N- 
phenylfructosylamine when Takadiastase invertase reacted with sucrose 
in the presence of aniline. Trevithick and Metzenberg (1964) were 
unable to demonstrate this transfructosylation from sucrose to aniline 
when Neurospora invertase was used instead of Takadiastase invertase.
Pressey (1968) reported that yeast and Neurospora invertases 
were inhibited by pyridoxal and its analogs. The Inhibition was 
non-competitive and reversible. These aromatic amines were much
the enzyme to form a Schiff's base. However, Myrback and Willstaedt 
(1961) reported the inhibition of yeast invertase by heterocyclic bases 
(pyridine, piperidine, morpholine and quinoline), which could not form. 
Schiff's bases with the enzyme. The inhibition by these bases ex­
hibited the same pH dependence as aniline inhibition. Kinetic studies 
(Myrback, 1961; Myrback and Willstaedt, 1961) indicated that the best 
explanation of the inhibition was the formation of salt-like complexes 
between base cations and the negatively charged enzyme. Tris, 2-amino- 
2 -hydroxymethy1 -1 ,3-propanediol, exhibited the same type of inhibition 
(Myrback, 1966).
Metzenberg (1963a) reported that Neurospora invertase was also 
inhibited by-aniline. The inhibition was not reversed by increased 
sucrose concentration. Trevithick and Metzenberg (1964) studied 
aniline inhibition with four different substrates, and for each, the 
inhibition appeared non-competitive. They hypothesized that the effect 
of aniline-was due to interference with a step in the hydrolysis re­
action common to all the substrates. This step was the hydrolysis of 
the enzyme-fructose complex. The results of kinetic studies indicated 
that aniline combined at the afructone site and acted as a glucose 
analog. Miwa, Takeshita and Nakamura (1960) were able to recover N- 
phenylfructosylamine when Takadiastase invertase reacted with sucrose 
in the presence of aniline. Trevithick and Metzenberg (1964) were 
unable to demonstrate this transfructosylation from sucrose to aniline 
when Neurospora invertase was used instead of Takadiastase invertase.
PreBsey (1968) reported that yeast and Neurospora invertases 
were inhibited by pyridoxal and its analogs. The inhibition was 
non-competitive and reversible. These aromatic amines were much
weaker inhibitors than aniline but may inhibit by the same mechanism 
as aniline. Apparently, the pyrldlnium group.is involved in the inhi­
bition because the invertases are inhibited equally well by pyridoxal, 
pyridoxlne and deoxypyridoxine.
3. Anionic inhibitors. According to Myrback and Willstaedt 
(1960), yeast invertase is strongly inactivated by sodium dodecyl 
sulfate, if the pH of the solution is below 4.7. Sucrose protects 
the enzyme from inhibition at any pH; sodium chloride also counteracts 
the inhibition. The inactivation is not reversed by incubation at pH
5. The evidence indicates that sodium dodecyl sulfate reacts with 
invertase only when the enzyme possesses a net positive charge. There­
fore, the initial reaction is ionic and should be reversible. A 
second-reaction must occur which is irreversible; it may involve com­
plex formation between the hydrophobic portion of the detergent mol­
ecule and the enzyme.
Suramin and heparin inhibit yeast invertase in acid solutions 
(Myrback, 1960). Wills and Wormall (1950) theorized that suramin 
combineswith basic groups of the enzyme lying near the active site. 
This complex forms a bridge with the large suramin molecule and 
blocks the active center.
4. Inhibition by mercury compounds. Myrback (1957a, 1960) 
reported that yeast invertase is inhibited by small amounts of mercury 
(I) and mercury (II) chloride. The inactivation is completely re­
versible by incubation of the enzyme with hydrogen sulfide, if the 
inhibitor has not been incubated with the enzyme for an extended 
length of time. Inhibition is not dependent on pH in the optimal 
range and it is competitive (Mealor and Townshend, 1968;
Myrback, 1957a); Organomercury compounds, such as p- and mrmercuri- 
benzoate, phenylmercury acetate and o-hydroxymethyl phenyl mercury 
chloride, are also very strong Inhibitors. Myrback (1957a) proposed 
that this inhibition is due to the formation of mercury mercaptides 
and suggested that sulfhydryl groups are involved in the combination 
of enzyme with substrate.
Neurospora:invertase is inhibited by p-hydroxymercuribenzoate 
(Metzenberg, 1963a). The enzyme is partially protected from inhi­
bition by substrate.
5. Inhibition by silver and other metal ions. Myrback (1955; 
1960) found that free metal ions, such as Ag+, Cu++, Cd++, Mn-H- and 
Pb-H-, inhibit yeast invertase by forming slightly dissociated salts 
with the acid group responsible for the alkaline branch.of the ac- 
tivity-pH curve of invertase. The inhibition is completely reversible 
and non-competitive (Myrback, 1957b). Inactivation is dependent on 
pH and parallels the alkaline branch of the activity-pH curve. 
Experiments:with model systems demonstrate that Ag+ ions could react 
with histidine, which is presumed to be the acidic group in the pH- 
activity curve (Myrback, 1957b). Model systems combining Ag+ ions 
and sulfhydryl compounds, such as cysteine and glutathione, show that 
complex formation is not dependent on pH. The results do not support 
a mechanism of inhibition by formation of silver mercaptides 
(Myrback and Willstaedt, 1957a). Invertase can be protected by nucleic 
acids from inhibition by Ag+ ions (Myrback, 1958; Myrback and 
Willstaedt, 1958).
Neurospora invertase is weakly inhibited by calcium, barium, 
beryllium, cobalt and nickel ions (Metzenberg, 1963a). Zinc and
copper ions are stronger inhibitors but only result in 33% and 79% 
inhibition, respectively.
6. Inhibition bv halogens. Yeast invertase is inhibited by very 
low concentrations of chlorine and bromine (Myrback and Willstaedt, 
1957b). The loss of activity is rapid and complete. In contrast* 
iodine inhibits yeast invertase in a two-step reaction. If small 
amounts of iodine are added to the enzyme, 45% of the activity is 
abolished. If iodine is added in larger amounts and reacts for a 
long period of time, then complete activity is lost. The first re­
action appears to be independent of pH, but the second reaction is 
dependent, exhibiting a minimum velocity in the range of the pH optimum.
Myrback and Willstaedt (1957b) studied the properties of I- 
invertase, which they define as the initial reaction product retaining 
55% of its activity. This does,not mean that iodine is bound by the 
enzyme. Experiments (Myrback and Willstaedt, 1957b) designed to 
demonstrate this with the use of radioactive iodine produced ambiguous 
results, probably because of the impurity of the enzyme.
I-invertase has the same affinity for sucrose and the same pH- 
activity curve as the native enzyme. This indicates that neither the 
substrate binding groups nor the groups determining the pH-activity 
curve are affected by iodine. Myrback and Willstaedt (1957b) proposed 
that inhibition resulted from the interaction of iodine with a sulf­
hydryl group. If the oxidation of the sulfhydryl group stops with the 
formation of a disulfide bond, then reactivation with reducing agents 
is possible. They found that no reactivation occurred when I-invertase 
was exposed to the following reagents: cysteine, glutathione, ascorbic
acid, sodium dithionite, sulphites, sodium amalgam and sodium
borohydride. They argued that these negative results do not disprove 
their theory because Irreversible over-oxidation to sulfenic or sulf- 
:ohicacld may occur. Even though the abnormal disulfide linkages are 
reduced, activity may not be restored because tertiary structure is 
changed.
In contrast, Shall, Baseer and Waheed (1971) report that both 
external and internal yeast invertase can be inhibited by iodine and 
this inactivation can be reversed by mercaptoethanol and p-mercapto- 
ethylamine. Shall and Waheed (1968) found that cysteine and ascorbate 
do not reverse .the inhibition.
Myrback and Willstaedt (1957b) studied the effect of heavy metal 
ions on I-invertase. HgC^ and certain organic mercury compounds have 
a very weak inhibiting action on I-invertase. Since these mercury 
compounds react with sulfhydryl groups, then such groups must no longer 
be reactive in I-invertase. The inhibition of invertase by Ag+ is also 
weakened by treatment of the enzyme with iodine. Apparently, iodine 
alters groups which react with Ag+. The simplest explanation would be 
that"iodine and Ag+ both react with sulfhydryl groups, but the pH de­
pendence of Ag+ inhibition is not in accord with this assumption. It 
appears that Ag+ combines with groups possessing a pK of 6.7. This is 
probably the imidazole of histidine. Silver inhibition of I-invertase 
has the same dependence on pH as inhibition of the native enzyme.
Cu++, Cd++, Pb++ and Zn-H- inhibit I-invertase in a manner similar to 
Ag+.
Based on these conflicting results, Myrback and Willstaedt (1957b) 
proposed a mechanism of inhibition. The inhibitors react in the usual 
way with sulfhydryl groups, but reactivity of the sulfhydryl groups
is modified by association with the imidazole group of histidine. A 
hydrogen bond may form between the protonated histidine and the sulf­
hydryl group. Then reaction with the sulfhydryl group is possible 
below pH 6.7 with the protonated form. Though the tendency of sulfur 
to participate in hydrogen bonding is weak, steric conditions may 
favor formation of hydrogen bonds in this case. Also, the stabilization 
of hydrogen bonding may explain the resistance of the enzyme to such 
oxidants as O2  and ferricyanide and alkylating agents such as iodo- 
acetate. The pH dependence of Ag+ inhibition is explained by this 
mechanism. The loss of the proton followed by a change in protein 
structure produces an inactive form of the enzyme. This effect is re­
versible. Ag+ and other metal ions can react with the denatured form 
and displace the equilibrium between active and inactive forms. In 
this way the inhibition becomes dependent on pH and the reactivity 
of the sulfhydryl groups involved reflects the pK value of the associ­
ated imidazole1 The sulfhydryl group is masked in the native enzyme 
by the change in tertiary structure and Ag+ is unreactive. Mercury 
compounds are not deterred by this masking because of their high 
affinity for sulfhydryl groups. The ..existence of the hydrogen bond 
between imidazole and sulfhydryl groups is not necessary for activity 
since I-invertase retains partial activity. Also, I-invertase has 
the same affinity for sucrose and pH-activity curve as the native 
enzyme. Myrback and Willstaedt (1957b) further propose that the enzyme 
with protonated and unprotonated imidazole groups and the enzyme which 
has reacted with silver are all capable of combining with the substrate. 
Only the protonated form of the enzyme is able to break down to free 
enzyme'and products.
Shall, Baseer and-Waheed-(1971) propose another mechanism of 
Inhibition of yeast Invertase by Iodine, They find that internal. In­
vertase, which contains no cysteine, is Inhibited by iodine in the- 
same manner as external invertasei which does contain cysteine. The 
kinetics of the two enzymes are similar, and both require an acidic' 
group with a pK of 6.8. External invertase is inhibited by iodo- 
acetamide but not by iodoacetic acid. The alkylated group has a pK 
in the alkaline region. Both enzymes are inhibited by cyanogen bro­
mide in a biphasic reaction. The initial reaction is pH-dependent, 
but the slower one.is not. They conclude that iodine oxidizes 
methionine sulfur and that the oxidation is reversible. On the basis 
of these-results* they proposed the mechanism of action of yeast 
invertase which was described previously in this review.
Trevithick (1965) found that Neurospora invertase is not inhibited 
in the presence of'0.1 M chloride ion. Both 0.1 M bromide and 0.1 M 
iodide inhibited the enzyme about,50%.
II. Subunit- Structure of Invertase
A. Neurospora Invertase
Neurospora invertase, as purified by Metzenberg (1963a), exhibited 
a single.peak in the analytical ultracentrifuge and a single band of 
protein after electrophoresis on polyacrylamide gels. The first indi­
cation that the enzyme possessed subunit structure was presented by 
Eilers, Allen, Hill and Sussman (1964) who noted that two bands of 
invertase activity were present on polyacrylamide gels after electro­
phoresis of crude extracts of invertase. Metzenberg (1964) confirmed
the presence of two active forms of Invertase and demonstrated that one 
"isozyme" was a subunit of the other. Using the technique of disc gel 
electrophoresis, Metzenberg found that 65% to 85% of the total activity 
was present in a band of lower mobility. The remainder of the activity 
was associated with a faster moving band. Purified invertase corres­
ponded to the band of lower mobility.
Sephadex G-200 column chromatography allowed separation of the 
two forms of invertase, which were subsequently referred to as "heavy" 
and "light" invertase. Heavy invertase has the higher molecular weight 
and corresponds to the band of lower mobility in gel electrophoresis 
(Metzenberg, 1964).
Metzenberg (1964) found that treatment of heavy invertase with 
heat produced a _xture of heavy and light invertase. Thus, light 
invertase appeared to be a subunit of heavy invertase.
Purified invertase was heated with or without 1.0 M NaCl and the 
remaining activity was plotted against heating time. Invertase was 
labilized by the salt; the half-life was 17 minutes with salt, com­
pared ter 68 minutes without salt. The production of light invertase 
was accelerated'by the presence of salt. Metzenberg suggested that 
heat denaturation of heavy invertase is accomplished by the dissociation 
of heavy to light invertase, followed by the denaturation of the latter. 
Dilute acetic acid or formic.acid and NaCl converted heavy invertase 
completely to the light form. If NaCl was not included, only heavy 
invertase was present.
The possibility that light invertase was not active per se but 
reaggregated to an active form in the presence of substrate was 
investigated (Metzenberg, 1964). A mixture of heavy invertase and
light Invertase was Incubated In the sucrose assay medium long enough
for turn-over of each enzyme molecule * Examination of the mixture by
gel electrophoresis showed that the active protein bands moved at the
same rate as a control mixture of heavy and light invertase which had
not been incubated with sucrose* Therefore, reaggregation of light
invertase was not responsible for its activity* The intrinsic activity
of light invertase could not be accurately determined because the
conditions for dissociation in themselves produce some inactivation.
Heavy invertase, which had been briefly treated with acid and
salt and restored to pH 5, exhibited two peaks in the analytical
ultracentrifugeo The Son values were 9.8 S and 5,2 S. This Sor.e 20,w 20,w
value for acid-treated heavy invertase does not correspond well to that 
of purified invertase (10.3 S). Metzenberg (1964) suggested that the 
acid-treated heavy invertase may exist in a different conformation 
favorable to cleavage. A change in conformation could alter the sedi­
mentation rate. Brief treatment with acid and NaCl yielded two 
protein and two activity bands on gels after electrophoresis,
Metzenberg (1964) demonstrated that light invertase would reag­
gregate- to heavy invertase (Son = 10,35 S), if the protein was con-
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centrated by ammonium sulfate precipitation and stabilizing conditions 
(pH_5, acetate buffer) were restored. The enzyme lost 31% of its 
activity during cleavage to light invertase, but no activity was lost 
or gained during reaggregation.
Metzenberg (1964) noted that solutions containing a mixture of 
heavy and light invertase, but not those of the former alone, foam 
when shaken. He suggests that dissociation of heavy invertase exposes 
hydrophobic groups and that these groups may be involved in binding
subunits:together. Also, the fact that NaCl speeds up dissociation 
indicates that ionic bonds may be involved in maintenance of quaternary, 
structure.
Meachum, Colvin and Braymer (1971) also studied the quaternary
structure of Neurospora invertase. Density gradient sedimentation of
purified invertase yielded one protein peak and one activity peak with
an SOA of 10 S. Crude extracts exhibited two activity peaks, 10 S 20 ,w
and 5.2 S. The S° obtained for purified invertase at pH 5 from20,w
the analytical ultracentrifuge was 10.5 S. These values agree with 
those reported by Metzenberg.
The authors determined that Neurospora invertase is a glycoprotein 
containing 11% mannose and 3% glucosamine. The molecular weight of 
purified invertase at pH 5 was.determined by the sedimentation equil­
ibrium technique in an analytical ultracentrifuge. The figure calcu­
lated for the protein containing 11% carbohydrate was 210,000 + 15,600.
Sedimentation in the analytical ultracentrifuge was studied 
under a variety of dissociating conditions. At pH 8.9, the enzyme 
exhibited two peaks with S£q w 's of 9.9 S and 5.6 S. At pH 11.9 and
pH 3, a single peak with an Son of 3.8 S was observed. The molec-ZU f w
ular weight of the protein in 5.889 M guanidine hydrochloride and
0.1 M mercaptoethanol was 51,500.
Based on these results, the authors propose that Neurospora
invertase consists of four subunits with an Son of 5.2 S. Thiszu ,w
form,may be composed of smaller subunits (3.8 S) which are produced 
by treatment at pH 11.9 and pH 3. At pH 3, a symmetrical peak is 
produced, but the boundary at pH 11.9 is asymmetrical, indicating the 
presence of smaller material. However, this decrease in sedimentation
rate, from 5*2 S to 3.8 S, may reflect a change In conformation of the
5.2 S form, rather than dissociation.
A peptide map of the tryptic digest of the native enzyme con­
tained 43 peptides. Theoretically, four Identical subunits should 
give 27 to 28 peptides by tryptic digestion. The results indicated 
that more than one type of subunit is present. However, it is possible 
that variation in carbohydrate content on identical peptides or the 
formation of abnormal disulfide linkages could produce a larger than 
expected number of peptides on a peptide map.
Christian (1971) purified and characterized a protein which 
crossreacts with invertase antiserum from the Timex.mutant of 
Neurospora crassa. This mutant does not produce enzymatically active 
invertase. The purified protein consisted of two fractions. One was 
homogeneous and the other, heterogeneous. Both fractions contained 
10% carbohydrate; this value agrees with that obtained for the native 
enzyme.
The sedimentation rates and molecular weights of the two fractions
at pH 5 and pH 3 were determined in the analytical ultracentrifuge.
The pure fraction had an Sori of 5.64 S and a molecular weight ofzU ,w
35,700 at pH 5. At pH3, the sedimentation rate decreased to 3.93 S 
and two molecular weights, 30,500 and 35,500, were obtained. The 
^20 w'8 ^or t̂ e lmPure fraction did not change with the shift in pH 
from 5 (4.49 S) to 3 (4.46 S). The molecular weight of this fraction 
at pH 5 was 39,200. At pH 3, two molepular weights of 20,400 and 
37,169 were obtained. The author states that, if the assumption is 
made that acidic conditions may lead to loss of carbohydrate and a 
corresponding drop in molecular weight, then the protein of both
fractions appears to■exist In its most dissociated state at both 
optimum and acidic conditions.
Amino acid analyses revealed that the amounts of certain amino 
acids in the pure fraction varied significantly from the amounts of 
those residues in the native enzyme. The second fraction was too 
impure for accurate analysis. Christian concluded that the Timex 
protein is either a mutationally altered subunit of the native enzyme 
or a portion of a subunit.
B. Yeast Invertase
At this time, the quaternary structures of Neurospora and yeast 
invertase do not appear to be,similar. As Gascon and Lampen (1968) 
point out, one major difference is that Neurospora invertase isozymes 
can be interconverted, and this has not been demonstrated with the 
yeast isozymes <> Other differences in carbohydrate content and mol­
ecular weights also occur. However, despite these disparities, it 
seems worthwhile to include a brief description of the work done on 
yeast invertase structure. The two enzymes are so similar in bio­
logical and enzymatic characteristics, that additional research may 
reveal an underlying similarity in quaternary structure which is not 
presently apparent.
Yeast invertase occurs in two forms which appear to be related 
to localization in the cell (Gascon and Ottolenghi, 1967; Islam and 
Lampen, 1962; Sutton and Lampen, 1962). One isozyme is located out­
side the cell membrane, while the other isozyme is found within the 
cell.
The properties of purified external yeast invertase have been
described by Neumann and Lampen (1967) * The enzyme exhibits one band 
on polyacrylamide gels after electrophoresis. Sedimentation velocity 
Btudies showed a predominant peak with an Son of 10.4 S. Small 
amounts of heavier components were present and were also active. The 
authors suggested that an association and dissociation equilibrium 
might exist. The molecular weight of external invertase determined 
by the sedimentation equilibrium technique was 270,000 + 11,000-
External invertase is a glycoprotein containing 50% carbohydrate. 
Mannan-comprises the major portion of this carbohydrate moiety, and a 
small amount of glucosamine is present. Neumann and Lampen (1969) 
analyzed glycopeptides produced by pronase digestion of external 
invertase and found approximately 30 chains of polysaccharide present 
per molecule of enzyme- Their studies indicated that the carbohydrate- 
protein linkage involves a glucosylaminyl-asparagine bond. In contrast, 
Greiling, Vogel, Kisters and Ohlenbusch (1969) reported that the carbo­
hydrate of invertase is linked directly from mannose to serine or 
threonine residues of the enzyme. Neumann and Lampen (1969) were 
unable to repeat their work and suggested that, if Greiling et al. 
worked with invertase from a different strain of yeast, this might 
account for the differences reported by the two groups-
Internal invertase was purified by Gascon and Lampen (1968), The 
molecular weight of internal invertase was determined by the gel fil­
tration technique and fell between 130,000 to 140,000. Gascon,
Neumann and Lampen (1968) compared the properties of external and in­
ternal invertase. Internal invertase contains no carbohydrate. Its 
molecular weight is similar to that of the protein portion of external 
invertase. Both invertases have similar enzymatic properties, e.g.
-identical Km's and pH optima. Both forms react with antiserum to 
external invertase. In sucrose-negative mutants, both external and 
internal invertase are missing. These results suggested a biosyn­
thetic relationship; internal invertase could be the protein precursor 
of.the glycoprotein, external invertase. That the relationship could 
not be this simple was apparent when the amino acid compositions were 
compared. They differed significantly; cysteine is completely absent 
in internal invertase. One explanation, which is compatible with all 
the data, is that the enzymes are aggregates of different subunits, 
with at least one identical subunit in both aggregates, external and 
internal,
III. ~Studies of Secretion of Invertase
Invertase of Neurospora crassa. along with many other microbial 
enzymes involved in carbohydrate catabolism, is an externalized enzyme. 
The passage of macromolecules, such as invertase, through the cell 
boundaries and the localization of the enzyme molecules on the cell 
periphery continue to be interesting problems. Many researchers have 
already been concerned with this problem as it relates to N, crassa 
invertase. The enzyme appears to be located in several different 
external positions. For example, Metzenberg (1963b) demonstrated that 
invertase is bound to the cell in a position external to the plasma 
membrane. His biochemical studies indicated that it is localized in 
the intramural space between cell wall and membrane, Sargent and 
Woodward (1969) and Chung and Trevithick (1970) also found that a 
certain proportion (20-30%) of the total invertase associated with 
the cell is bound to the wall, Meachum and Braymer (1969) showed that
Invertase can be released from the cell wall by treatment with chltlnase. 
It has not yet been demonstrated whether the enzyme Is chemically bound 
to the wall or mechanically trapped within the chitin matrix. In ad­
dition to'cell bound Invertase, actively secreted Invertase Is found In 
the external menstrum (Sargent and Woodward, 1969; Trevithick and 
Metzenberg, 1966). Trevithick and Metzenberg (1966) suggested that 
invertase molecules passed into the medium through pores (Manocha and 
.Colvin, 1967) in the cell wall.
Our interest in the association of invertase with the cell wall 
and the process of secretion of invertase led to an examination of the 
slime mutant of N. crassa. Emerson (1963a) presented a detailed de­
scription of the morphology of this mutant from phase contrast 
microscopy studies. According to his account, the slime mutant grows 
on solid media"as plasmodial outflows consisting of many contiguous 
branches'and in this form appears to be totally devoid of cell wall. 
Multinucleate spherical cells are found in older sectors of colonies 
on solid medium. In liquid culture, clusters of these spheroplasts 
and'hyphlets, which are swollen irregular structures resembling hyphae, 
are present. The spheroplasts grow and reproduce by division and, also, 
by a budding process. The plasmodial form is completely disrupted by 
slight physical agitation and cannot exist in liquid culture. Since 
we planned to'utilize liquid cultures of this mutant for the enzyme 
studies, we were interested in the morphology of the spherical cells or. 
spheroplasts. There was a possibility that these forms-of the slime 
mutant were not completely devoid of cell wall, as is the plasmodial 
form. Emerson (1963a) reported that all slime cells possessed a thin, 
flexible abnormal cell wall which could be seen in stained material
under the light microscope. In contrast to this, Woodward and 
Woodward (1968) suggested that during the first 48 hours of incubation. 
in liquid culture, the mutant grew in the form of hyphlets which later 
assumed the spheroplastic form by shedding wall-like material.
According to Emerson (1963a), the slime variant was derived from 
a UV-irradiated strain carrying the gene osmotic and several other 
non-essential markers. Genetic studies showed that three genes, 
osmotic, fuzzy and spontaneous generation syndrome are necessary but 
insufficient to produce the slime phenotype. Isolates which contain 
these three markers germinate by slime outflows but eventually exhibit 
an abnormal hyphal growth. Occasionally, strains with a stable slime 
phenotype have been recovered from these isolates by vegetative 
selection (Emerson, 1963b). Since the two genes, fuzzy and spontaneous 
generation syndrome, were not present in the original strain, Emerson 
(1963a) suggests that a number of spontaneous mutations must have oc­
curred at the time of origin of the slime phenotype. Heterocaryon 
studies demonstrated that the nucleus controls the slime phenotype.
Since chitin is a major constituent of the cell wall of Neurospora 
crassa, Wiltse (1969) undertook a study of the production of chitin 
by the slime mutant. No chitin was present in the surface material of 
the mutant but all enzymes and intermediates of the chitin biosynthetic 
pathway.were present. Chitin synthetase, the final enzyme in the path­
way, was identical to the wild-type enzyme with respect to kinetic 
behavior, and pH and temperature optima. The author suggests that the 
absence of cell wall in the slime mutant is caused by defects in the 
process of assembly of wall components.
Because of the resemblance of the slime mutant to protoplasts,
it seems appropriate to include a brief discussion of the effect of 
protoplast formation on production of invertase in yeast and Neurospora. 
Trevithick and Metzenberg (1964) used the technique of Bachmann and 
Bonner (1959) to prepare Neurospora protoplasts. They were interested 
in determining the site of aggregation of light invertase to form 
heavy invertase. If aggregation occurred between the cell membrane 
and wall, then light invertase would be present inside protoplasts 
and would be secreted as well. They found that most of the newly 
synthesized invertase was secreted and that both internal and secreted 
invertase existed in the heavy form, The results indicated that ag­
gregation of subunits occurred within the cell during or immediately 
after synthesis.
Sutton and Lampen (1962) found that enzymatic removal (snail 
enzyme) of cell wall to prepare yeast protoplasts was accompanied by 
a release-of soluble invertase. The protoplasts subsequently lost 
the ability to ferment"sucrose, Islam and Lampen (1962) demonstrated 
that the" yeast protoplasts could ferment sucrose after a lag period, 
if small amounts of glucose or fructose were added with sucrose. 
Synthesis and secretion of invertase preceded the fermentation of 
sucrose and apparently breakdown of sucrose occurred extracellularly.
Millbank (1963) found that yeast protoplasts fermented sucrose, 
glucose, fructose and maltose, The majority (76%) of the total in­
vertase was associated with the cell wall; the remainder was associated 
with the protoplasts and was active.
Kuo and Lampen (1971) found that the synthesis and secretion of 
invertase by yeast protoplasts was very sensitive to the osmotic , 
pressure of the external medium. High osmolarity inhibited invertase
formation. Maximal production occurred at an osmotic pressure which 
caused some leakage of Intracellular constituents. The Inhibiting 
effect of high osmotic pressure was reversed when protoplasts were 
transferred to a medium of lower osmotic pressure. Both large and 
small-forms'of invertase are found within the protoplast, but only 
the large form is excreted. The authors suggest that changes in the 




All chemicals were reagent grades Aniline was redistilled before 
use..- Pyridoxal, fructose, and cysteine were purchased from General 
Biochemicals (Chagrin Falls, 0.). Potassium iodide and iodine were 
obtained from Jv T. Baker (Phillipsburg, N« J.). Sucrose was purchased 
from Mallinkrodt Chemical Works (St. Louis, Mo.), and hydroxylamine 
from The Matheson Company (East Rutheford, N. J.). Mercaptoethanol 
was provided by Sigma Chemical Company (St. Louis, Mo.). Eastman 
Chemical Company (Rochester, N. Y.) was the source of bromoacetic 
acid and iodoacetic acid. 2-hydroxy-5-nitrobenzyl bromide (HNBB) and 
iodoacetamide were obtained from Pierce Chemical Company (Rockford,
111.). pi-Chloromercuribenzoate was purchased from Nutritional
125Biochemical Corporation (Cleveland, 0.). Radioactive iodide (Nal ) 
was provided by New England Nuclear (Boston, Mass.).
II. General Procedures
A . Enzyme' Purification
Neurospora crassa strain SF 26 (Gratzner and Sheehan, 1969) 
served as the source of invertase. Growth conditions were identical 
to those reported by Meachum, Colvin and Braymer (1971). The enzyme 
was purified according to a procedure developed by Metzenberg (1963a) 
and modified by Meachum, Colvin and Braymer (1971).
B. Assays
The invertase assay was similar to the one described by 
Metzenberg (1962) but was modified in the manner reported by Meachum, 
Colvin and Braymer (1971). Unless otherwise noted, the release of
25
glucose by hydrolysis of sucrose was measured with Glucostat. In 
certalti experiments, It was necessary to measure reducing sugar by 
the technique of Nelson (1944).
Protein concentration was determined by the method of Lowry,
Rosebrough, Farr and Randall (1951) or by measuring the optical
1%density at 280 nm. An extinction coefficient (E^°cm) of 18.6 was used 
to calculate protein concentration (Meachum, Colvin and Braymer, 1971). 
Specific activity of invertase was expressed as jimoles of sucrose 
hydrolyzed per mg of protein per minute. Total invertase units were 
expressed as jjmoles of sucrose hydrolyzed per minute.
Total hexose was measured by the phenol-sulfuric acid method of 
Dubois, Gilles, Hamilton, Rebers and Smith (1956) using glucose as 
the standard.
III. Active Site Studies 
A, Inhibition Studies
Reactions were carried out at pH 5 in 0.05 M acetate buffer, unless 
otherwise noted. This buffer will be referred to in the following 
section as "pH 5 buffer". Controls were treated in an identical manner 
to the experimental samples, except that an appropriate volume of pH 5 
buffer was added in place of the inhibitor solution. Calculation of 
the percent of inhibition was based on the specific activity of the 
control, rather than' the activity of untreated invertase. However, 
conditions which caused great loss of activity in the control invertase 
were not used. In some cases, it was necessary to control for more 
than one factor, and this will be noted where appropriate. The volume 
of the enzyme-inhibitor reaction mixtures was 1 ml or less. The final
dialyslB before assaying was always carried out .at 4 C against pH 5 
buffer for 24 to 48 hours with at least three changes of buffer. The 
following sections include the conditions for each of the eleven 
inhibitors used in this study.
1. Aniline. Aniline (0.025 M) in pH 5 buffer was allowed to 
react with 2.07 mg invertase (2,536 moles aniline/mole invertase) at 
room temperature for 5 minutes. The solution was diluted into pH 5 
buffer and assayed. In another experiment, the aniline and invertase 
mixture (same proportions as above) was dialyzed against 0.005 M 
NaBH^ at 0 C for 5 minutes, followed by dialysis against pH 5 buffer 
overnight.
The reducing sugar assay of Nelson (1944) was used to measure 
hydrolysis of sucrose, since aniline interfered with the Glucostat 
reaction.
2. Pyridoxal. Pyridoxal (0.047 M), which had been adjusted to 
pH 4.5 with NaOH, was incubated at 0 C for 30 minutes with 2.07 mg 
invertase (4,768 moles pyridoxal/mole invertase) which had been 
dialyzed against water. The pH after dialysis of invertase was 4.5. 
The solution was dialyzed against water, diluted with pH 5 buffer and 
assayed. In another experiment, the above procedure was repeated 
except that, after the 30 minute incubation period, the solution was 
dialyzed for 15 minutes at 0 C against 0.05 M NaBH^.
• 3. Fructose and sucrose. Fructose (0.05 M) was incubated with
2.07 mg invertase (5,073 moles fructose/mole of invertase) for 75 
minutes at 25 C. The solution was dialyzed against 0.05 M NaBH^ at 
0 C for 10 minutes and then, against pH 5 buffer. Activity assays 
were performed.
Sucrose (0.1 M) was Incubated with 2.07 mg Invertase (10,145 
moles sucrose/mole of Invertase) for 5 minutes at 25 C. The solution 
was dialyzed against 0.05 M NaBH^ for 10 minutes at 25 C and then, 
against pH 5 buffer before assaying for activity.
Sucrose (0.1 M) or fructose (0.1 M) plus 0.95 mg invertase 
(22,104 moles inhibitor/mole of invertase) was dialyzed against 
0,05 M NaBH^ containing either 0.1 M sucrose or 0.1 M fructose at 37 C 
for one and one-half hours with three changes of the dialysate. The 
pH of the dialysate containing fructose was 6.9 at room temperature; 
that of the dialysate with or without sucrose was 9.2. The solution 
was dialyzed against pH 5 buffer and assayed. Controls for the effect 
of NaBĤ , and for the effect of temperature were included.
4. Hydroxylamine. Hydroxylamine (0.025 M) was incubated with
2,07 mg invertase (2,536 moles of hydroxylamine/mole of invertase) for 
20 minutes at 25 C. The solution was dialyzed against pH 5 buffer and 
assayed for activity.
5. Potassium iodide. Potassium iodide (0.07 M) was incubated 
with 1.24 mg invertase (11,864 moles Kl/mole of invertase) for 10 
minutes at 25 C. The solution was dialyzed against pH 5 buffer and 
assayed for activity.
6. p-Chloromercuribenzoate. Titrations of sulfhydryl groups of 
invertase were performed with pCMB according to the procedure of Boyer 
(1954) and Riordan and Vallee (1967). The protein was.titrated in 
0.33 M acetate buffer (pH 4.6) with and without 6 M urea and in
0.05 M acetate buffer (pH 5) with and without 6 M urea.
p-Mercuribenzoate was tested as an inhibitor in several ways. In 
one case, 5.05 x 10 M pCMB in 0.33 M acetate buffer (pH 4.6) was
added to Invertase in pH 5 buffer in an amount giving a final concen­
tration of two moles of inhibitor per mole of enzyme and a final pH 
of 4.6. The mixture was incubated at 25 C for 20 minutes and then 
dialyzed against pH 5 buffer before being assayed. In the second case, 
5.62 x 10 M pCMB in 0.1 M phosphate buffer (pH 7) was added to in­
vertase in phosphate buffer to give a final molar ratio of 2 moles of 
pCMB to 1 mole of invertase. The pH of the solution was 6.3. The 
mixture was incubated for 20 minutes at 25 C and then dialyzed against 
pH 5 buffer, before assaying for activity.
Both experiments were repeated using a 20-fold molar excess of 
pCMB, The final pH of the solution at acid pH was 4.6 and that at 
alkaline pH was 6.8.
7. Bromoacetic acid, iodoacetic acid and iodoacetamide. Samples 
of 0.144 mg invertase in pH 5 buffer were dialyzed against 0.6 M
bromoacetic acid in 0.05 M acetate buffer (pH 5.5) for various lengths
of time at 37 C. The samples were dialyzed against pH 5 buffer and 
then assayed for activity.
In a second experiment, a great excess of bromoacetic acid (0.5 M) 
was added directly to 1.44 mg invertase (65,597 moles bromoacetic acid/ 
mole of invertase). The mixture was incubated for 3 hours at 37 C.
Then the solution was dialyzed against pH 5 buffer and assayed for 
activity. After dialysis an aliquot (0.002 jomole invertase) of the 
experimental sample was treated with iodine (0.078 pmole). After 10
minutes incubation, the reaction was terminated by addition of
cysteine (19.5 pmoles). The sample and control were dialyzed against 
pH 5 buffer and assayed.
In the third experiment, a fifty-fold molar excess of bromoacetic
acid, iodoacetic acid or iodoacetamide at pH 4.5 was added to 1.44 mg 
aliquots of invertase. The samples were incubated at 37 C for two 
and one-half hours in the dark. The samples were then dialyzed 
against pH 5 buffer and assayed for activity.
8. 2-Hydroxy-5-nitrobenzyl bromide. Aliquots of 1.24 mg invertase 
were incubated with 100-fold, 500-fold and 1,000-fold molar excesses 
of HNBB dissolved in dry acetone. The reaction was carried out at pH
5.2 and 25 C. The final concentration of acetone was approximately 5%.
A control for the effect of acetone was included. The activity of this 
control was used to calculate the percent of inhibition. The samples 
were diluted into pH 5 buffer and assayed.
The inhibitor, HNBB, was used to titrate tryptophan under non­
dissociating conditions. Portions of the samples treated with HNBB 
for inhibition studies were dialyzed against pH 5 buffer and the 
number of tryptophan residues of the enzyme binding HNBB was deter­
mined spectrophotometrically by the procedure of Barman and Koshland 
(1967).
B. Studies of Iodine Inactivated Invertase
All iodine solutions were made with 0.1 M potassium iodide in
0.05 M acetate buffer (pH 5) as solvent.
1. Iodine concentration. Various concentrations of iodine were 
incubated with invertase for 10 minutes at 25 C. The final pH of the 
solution was 4.5. The solutions were dialyzed against pH 5 buffer 
and assayed.
2. Substrate protection. The effect of sucrose on iodine inhibi­
tion was determined by mixing 2.85 mg invertase and sucrose (17 mg/ml).
After a short incubation period, 375 j M  iodine was added at 25 C. The 
reaction was stopped after 10 minutes by the addition of an equal 
quantity of cysteine (final molarity of 375 jiM). The solution was 
dialyzed against pH 5 buffer and assayed. A control for the effect of 
cysteine was included.
The experiment was repeated at 0 C with an incubation period of 
30 minutes before addition of cysteine.
3. Reactivation by thiols. Invertase (1.44 mg) was incubated 
with 775 f iM iodine (11 moles iodine/mole of invertase) for 10 minutes 
at 25 C. Then, 0.23 M mercaptoethanol (or 0.02 M cysteine was added
to give a molar excess of mercaptoethanol (or cysteine) over invertase. 
The solution was incubated for 10 minutes at 25 C. It was then dia­
lyzed against pH 5 buffer and assayed for activity.
4. Enzyme carbohydrate after iodine inactivation. Total hexose 
was determined before and after treatment of invertase with iodine. 
Invertase (2.86 mg) was incubated with 25,000 juM iodine or with 250 
faM iodine for 10 minutes at 25 C. After dialysis against pH 5 buffer, 
the total hexose remaining was determined by the method of Dubois et al. 
(1956). Protein concentration was calculated from the absorbance at 
280 run.
5. Incorporation of radioactive iodine. The following procedure 
describes a representative experiment. Radioactive iodide was mixed
with 0.005 M iodine in 0.1 M KI and 0.05 M acetate buffer, pH 5, to
6give a specific activity of 7.46 x 10 cpm/ugm atom of iodine. One- 
125tenth ml I solution was added to 1.39 mg invertase in 0.1 ml pH 5 
buffer. After 10 minutes incubation at 25 C, 0.8 ml pH 5 buffer was 
added to half the samples and 0.8 ml 0.025 M cysteine in pH 5 buffer
was added to the other half. All samples were dialyzed against 500 ml 
pH 5 buffer per change for approximately 48 hours with 5 changes.
After dialysis, the protein concentration of each sample was determined 
and 0.2 ml of each sample were added to 9.8 ml scintillation cocktail. 
The cocktail consisted of 60 gm naphthalene, 4 gm 2.5-diphenyloxazole, 
200 mg l,4-bis-2-(5-phenyl-oxazyl) benzene, 100 ml absolute methanol 
and sufficient dioxane to make one liter. The samples were counted in 
a Beckman liquid scintillation system.
6. Amino acid analyses. Preparation of samples: Invertase (6.66
mg, 0.032 umole) was incubated with 500 uM iodine (0.7 umole) for 10 
minutes at 25 C and then dialyzed against water at 4 C, The control 
sample was.incubated with pH 5 buffer, instead of the iodine solution. 
One mg of each sample was lyophilized in hydrolysis tubes, which had 
been acid cleaned and thoroughly rinsed.
For another experiment, invertase (13 mg, 0.062 umole) was incu-: 
bated with 3,800 uM iodine (6.8 umoles) for 10 minutes at 25 C. The 
control invertase was incubated with pH 5 buffer. Cysteine (0.1 M) 
was added to give a final concentration of 0.01 M. The samples were 
dialyzed against water at 4 C. The samples were treated according to 
the procedure of Neumann, Moore and Stein (1962) for the detection of 
methionine sulfoxide. The samples were dialyzed against water to re­
move iodoacetic acid. Two mg of each sample were put into hydrolysis 
tubes and lyophilized. The samples were oxidized with performic,acid 
at 0 C according to the procedure of Hirs (1967).
Twomlof 6 N HC1 were added to lyophilized samples of both types 
of preparation. The tubes were sealed and hydrolysis was carried out 
at 110 C for 48 hours. The tubes were opened and the hydrolysate was
dried under a vacuum over NaOH pellets and sulfuric acid. The samples 
were dissolved In 1 ml of a pH 2,2 dilution buffer.
Amino acid analysis: The techniques of Spackman, Stein and Moore
(1958) were employed for the analyses on a Beckman Splnco Model 120C 
amino acid analyzer.
7. Sedimentation velocity. Invertase (5.8 mg, 0.0276 pmole) 
was incubated with 500 pM iodine (0,4 umole) for 10 minutes at 25 C.
The sample was dialyzed against 0,05 M acetate buffer (pH 5) containing
0.1 M NaCl, Sedimentation velocity studies were performed as described 
in the following section (III) on physical techniques.
8.‘ Peptide'mapping and high voltage electrophoresis. Invertase 
(7.2 mg, 0.034 pmole) was incubated with 3,800 pM iodine (3,8 pinole) 
for 10 minutes at 25 C. The reaction was terminated by the addition 
of cysteine to give a concentration of 0,01 M. The samples were di­
alyzed against water at 4 C,
Tryptic digestion was carried out according to the procedures of 
Helinski and Yanofsky (1962) as modified by Colvin (1969),
Fingerprints were prepared with a portion of the tryptic digest 
of the samples. Again, the procedures of Helinski and Yanofsky (1962) 
and Colvin (1969) were followed, except the chromotography solvent 
and electrophoresis buffers were modified. The solvent consisted of 
pyridine, n-butanol, acetic acid and ^ 0  (60-90-18-72). The pH 3.5 
buffer system used during electrophoresis consisted of pyridine (1), 
acetic acid (10) and water (300).
The remainder of the tryptic digest was■subjected to one dimen­
sional high voltage electrophoresis, using apparatus manufactured by 
■Savant. Tryptophan containing peptides were detected with Ehrlich's
reagent, which was prepared and applied by the method of Easley (1965).
9.' Polyacrylamide electrophoresis. Invertase (2.88 mg, 0.0137 
pmole) was incubated with 3,800 pM iodine (109 moles 1 2 /mole of inver­
tase) for 10 minutes at 25 C. The reaction was terminated by the 
addition of cysteine to a concentration of 0.02 M. The samples were 
dialyzed against pH 5 buffer.
The procedure was repeated with a more concentrated iodine 
solution. Iodine (0.018 M) was used, giving a final ratio of 525 
moles of I2  per mole of invertase.
Both experimental samples and appropriate controls were electro- 
phoresed on polyacrylamide gels. The procedures for analytical poly­
acrylamide electrophoresis described by Davis (1964), with the 
modifications of Colvin (1969), were utilized.
10. Spectrophotometric determination of oxidized tryptophan. 
Invertase was treated with iodine for 10 minutes at 25 C and the re­
action was stopped by the addition of 0.06 M cysteine to a concentration 
of 0.012 M. The molar ratio of iodine to invertase was 56 for one 
invertase stock used and 84 for the other. Determination of the amount 
of oxidized tryptophan was carried out according to the procedure of 
Patchornik, ’ Lawson, Gross and Witkop (1960). Basically, the technique 
involves the spectrophotometric determination of the maximum difference 
in optical density at 280 nm between oxidized and unoxidized samples.
The absorbance at 280 nm increases at the completion of the oxidation 
reaction. A factor is included in the calculations to correct for the 
absorbance of the oxidation product at 280 nm. The procedure had to
be modified because of the absorbance of iodine. The reaction could 
not be followed in the spectrophotometer and, therefore, the maximum
difference In optical density could not be accurately determined. To 
correct -for -the presence of Iodine and cysteine, which was used to 
eliminate Iodine absorbance, the control sample was prepared by Incu­
bating iodine and cysteine together for 10 minutes before the addition 
of invertase. The protein concentration was calculated from the ab­
sorbance of an equal quantity of untreated invertase in pH 5 buffer.
IV. Subunit Structure Studies 
A. Basic Techniques
1. Sedimentation equilibrium centrifugation. The procedures and 
calculations developed by Yphantis (1964) and modified by Meachum 
(1970) were used for determination of weight-average molecular weights. 
Centrifugation was carried out in a Beckman Spinco Model E analytical 
ultracentrifuge run at a speed of 30,000 rpm for a minimum of 24 hours 
at 20 C or 4 C. One sample was run at 4 C at a speed of 36,000 rpm 
after overspeeding for one hour at 56,000 rpm.
2. Sedimentation velocity centrifugation. Sedimentation coef­
ficients were determined in the manner described by Meachum (1970).
All samples were centrifuged at a temperature of 20 C (except for one 
at 4 C) and at a speed of 56,000 rpm.
3. Interoferometric determination of protein concentration.
The method of Babul and Stellwagen (1969) for determination of protein 
concentration with the analytical ultracentrifuge was used.
4. Density and viscosity determinations. Density was determined 
with a specific gravity bottle at 4 C and 20 C, The volume of the 
bottle was recalibrated at each temperature with water. Viscosity 
was determined with a Cannon-Ubbelohde semimicro dilution viscometer.
Be Experimental Design
1. pH-Sedlmentatlon coefficient curve. The effect of alkaline 
pH and reducing conditions on the sedimentation coefficient of 
Neurospora Invertase was determined. The desired pH changes were 
achieved by dialysis against appropriate buffers. Small samples of 
enzyme (9.5 mg/ml) were dialyzed overnight against two or three 
changes of buffer. The pH of the retentate was measured with a 
Corning semi-micro combination electrode.
The sedimentation coefficient of the non-dissociated enzyme was 
determined at pH 5 in 0.05 M acetate buffer containing 0.1 M sodium 
chloride. Sodium phosphate (0.05 M) and tris (0.005 M)-glycine 
(0.04 M)-HC1 (0.0005 N) buffers were used for pH adjustments between 
8 and 9. A glycine-NaOH buffer was used for pH adjustments above 
pH 9. This buffer is-made by adding 0.2 M NaOH to 0.2 M glycine until 
the desired pH is reached; then the buffer is diluted to a final glycine 
molarity of 0.05. Sodium chloride (0.1 M) was included in all buffers, 
and 0.1 M mercaptoethanol was added to the buffers when the effect of 
reducing conditions at a particular pH was to be tested.
2. Enzyme activity and carbohydrate content after incubation in 
alkaline medium and under reducing conditions. Invertase (14.4 mg/ml) 
was dialyzed against a glycine-NaOH buffer which produced a final pH 
of 10.5 in the retentate. The buffer for half of the samples con­
tained 0.1 M mercaptoethanol. All buffers contained 0.1 M sodium 
chloride. At specified intervals, samples were removed and dialyzed 
against 0.05 M acetate buffer containing 0.1 M NaCl. Activity was 
measured with the Glucostat assay, and the total amount of hexose 
present was determined by the phenol-sulfuric acid assay. Controls
for the effect of mercaptoethanol on the assay systems were Included.
One sample was dialyzed against pH 5 buffer which contained 0.1 M
mercaptoethanol. Another sample was,incubated for 22 hours at 4 C, 
and then at 20 C for 70 minutes. The activity of these samples was 
also determined. Protein concentration was determined by the inter- 
ferometric technique in the analytical ultracentrifuge.
3. The effect of time at alkaline pH with and without reducing 
conditions on reassociation of subunits. Samples of invertase 
(14.4 mg/ml) were incubated at pH 10.5 (glycine-NaOH buffer) at 4 C 
from one to five days. Samples were withdrawn at intervals and 
dialyzed against 0.05 M acetate buffer containing 0.1 M NaCl. Several 
samples were dialyzed against buffer which also contained 0.1 M mer­
captoethanol. The sedimentation coefficients were determined by 
centrifugation-in the analytical ultracentrifuge.
4. Molecular weights. Weight-average molecular weights of dis­
sociated invertase (14.4 mg/ml) in 0.05 M glycine-NaOH buffer (pH 
10.5) containing 0.1 M mercaptoethanol and 0.1 M NaCl were determined 
by sedimentation equilibrium centrifugation at 20 C and 4 C.
V. Studies of Invertase Secretion
A. Neurospora crassa Strains- Used
The slime, si. strain 1118 (Fungal Genetics Stock Center desig­
nation) was used in all experiments. Wild-type strains SF26 (Gratzner 
and Sheehan, 1969) and 74 A were also used in studies of invertase 
secretion. Strain SF26 was used as the wild-type control, for production 
of antigen in Ouchterlony gel diffusion assays, and for electron mi­
croscopy. Wild-type strain L5-D was the source of purified invertase
employed In anti-Invertase antibody production.
B. Growth Conditions
The medium used for slime cultures was similar to that recommended 
by Woodward and Woodward (1968) and consisted of Vogel's citrate mini­
mal salts solution (1964), 0.75% nutrient broth, 0.75% yeast extract,
2% mannltol and 2% sucrose. In addition, solid media contained 1.5% 
agar but did not contain sucrose. The medium used for wild-type 
strains of Neurospora consisted of Vogel's citrate minimal salts solu­
tion supplemented with 2% sucrose.
Liquid cultures of slime cells were usually inoculated with a 
loopful of material from a-culture on solid medium. However, if 
standardization of the inoculum were necessary, cells from slants were 
suspended in 4% mannitol and equal amounts of this suspension were 
transferred aseptically to each flask. Volumes of 50 ml were used in 
250 ml Erlenmyer flasks and the cultures were incubated at 30 C on a 
rotary shaker set at 200 rpm. Wild-type cultures were incubated under 
the same conditions.
Slime cultures were grown on solid medium in the form of slants 
in tubes'. The cultures were incubated at 34 C,
All cultures were examined for bacterial contamination by streaking 
on nutrient agar. Wild-type Neurospora contaminants or revertants were 
detected by streaking on Vogel's citrate-minimal salts solution plus 
sucrose. The presence of slime cells was confirmed by examination under 
the light microscope.
C. Electron Microscopy
Liquid cultures of slime cells were centrifuged after 24, 36, 48, 
60, 72 and 96 hours of incubation. Cells on solid medium were collected
after 24, 48 and 72 hours of Incubation by suspension In 5% sucrose 
followed by centrifugation. Fixation was begun by resuspenslon of the 
pellet In 3% glutaraldehyde in Sorenson's (1909) phosphate buffer, 
which contained 10% sucrose to prevent lysis of the cells. The cells 
remained in this solution for 2 to 4 hours at 0 C. They were then 
transferred to Sorenson's buffer containing 10% sucrose and stored 
overnight at 4 C» The cells were post-fixed in 1% osmium tetroxide 
in Sorenson's buffer and 10% sucrose for one and one-half to two hours 
at 0 C. After centrifugation, the pellet was mixed with molten 3% 
agar containing 0.5 M sucrose. The solidified agar was cut into small 
cubes.
Dehydration was carried out by passage of the agar cubes through 
a graded series of ethyl alcohol concentrations. The cubes were in­
cubated in propylene oxide prior to embedding in Maraglas epoxy resin.
Wild-type cells were treated in a similar manner, except sucrose 
was not included in the solutions.
Thin sections showing silver to silver-gray interference colors 
were cut on an LKB ultramicrotome using a Dupont diamond knife and 
were placed on parlodion-coated copper grids. Sections were stained 
for 1 to 2 minutes with 1% uranyl acetate in 90% ethanol followed by 
5 minutes staining with Reynolds' lead citrate. Examination and 
photography were done with an RCA electron microscope, model EMU 3-G, 
operated at 50 kv.
D. Invertase Assays
The samples used as the source of data presented in Table 17 
were treated in the following manner. Flasks containing 50 ml of 
liquid culture were incubated for 24, 36, 48, 60 and 72 hours. At
each test Interval, a flask was removed and the entire contents were 
dialyzed against a volume of 2 liters of water for approximately 48 
hours with five or more changes of water. The retentate was assayed 
for Invertase activity and protein.
The secretion of invertase by slime cells was determined by the 
following procedure. Cells were grown in 50 ml volumes of medium for 
48, 72 and 96 hours. Immediately after the cultures were removed 
from the incubator, the amount of cell material present at each age 
was estimated by determining absorbance of the culture on a Klett- 
Summerson colorimeter using a red filter. The liquid cultures were 
centrifuged and the supernatant fluid was removed and assayed. The 
pellet was resuspended in 0.075 M acetate buffer, pH 4.2 and agitated 
on a shaker in the cold for one hour. This buffer is routinely used 
to extract invertase from wild-type Neurospora crassa  ̂After extraction, 
the suspension was centrifuged and the supernatant fluid was assayed.
The pellet was resuspended in 0.05 M acetate buffer, pH 5, to insure 
retention of any invertase still associated with the cell debris.
The first fraction, the medium, contained secreted invertase and the 
last two fractions (0.075 M acetate buffer extract and cell debris in
0.05 M acetate buffer) contained cell-associated invertase. Increase 
in cell number with time was taken into account by comparing total 
invertase units per Klett unit of growth.
Secretion of invertase by wild-type strains SF26 and 74 A was 
estimated by assaying the medium and a mycelial extract (0.075 M 
acetate buffer, pH 4.2) of 76 hour old liquid cultures. The dry 
weight of the mycelium was determined and used as a basis for calcu­
lating total Invertase units associated with the mycelium.
E. Ouchterlony Gel Diffualon Aasaya
Assays for the detection of cross-reacting material were per­
formed according to the method of Ouchterlony (1949). The medium 
consisted of 1 gm Noble agar, 5 ml phosphate buffer, pH 7, 1 ml 
merthiolate (0*1% solution) and 94 ml water* The medium was poured 
into 15 mm petri plates and a Grafar Auto-Gel punch was used to cut 
wells in the medium* The invertase antibody was produced by 
Antibodies, Inc*, Davis, California. Purified invertase from the 
L5-D strain of Neurospora crassa was used as antigen. The antiserum 
was placed in the center well and samples of slime invertase taken 
from 60, 72, and 96 hour cultures and of SF26 purified invertase 
were placed in the side wells. The plates were kept in a humidity 
chamber for two to three days until precipitin lines formed.
F* ~Estimation of Cell Lysis
 Slime cells and SF26~»conidia on slants were suspended in sterile
medium and the absorbance at 660 nm of each suspension was determined. 
Using optical density as a measure of amount of cells present, equal 
quantities of cells were added to each flask of medium. The cultures 
were incubated for 48, 60 and 72 hours* At appropriate times, flasks 
of slime and SF26 cultures were removed and the contents were centri­
fuged* The optical density of the supernatant fluid at 260 nm was 
determined* The dry weight of slime cells and SF26 mycelium was de­
termined at each time sampled. Absorbance at 260 nm was calculated on 
the basis of A per gram, in order to make accurate comparisons of slime 
and"SF26 samples.
RESULTS AND DISCUSSION
I. Active Site Studies
The active site of an enzyme consists of those amino acid res­
idue side chains which are involved in the catalytic process. Other 
residues which bind the substrate and determine substrate specificity 
are also vital to the catalytic process but do not participate directly 
in bond breaking or making. A second term, the active center, is 
sometimes invoked to encompass all these groups (Vallee and Riordan, 
1969) , and the active site then becomes a constituent of the active 
center.
One way of investigating the active site or center of an enzyme 
is to study the effect of chemical modification of amino acid resi­
dues on the activity of the enzyme. If the enzyme is inhibited by 
a group specific reagent, then the presence of a particular amino 
acid at the active site is indicated. Furthermore, if the inhibition 
is irreversible and the product of the modification reaction de­
tectable, then it is possible to characterize the modified protein 
or recover peptides containing the altered residues.
The inhibition studies of Neurospora invertase reported in this 
dissertation were undertaken for the purpose of finding an irrever­
sible inhibitor which could be used as a "tag" for detecting active 
site residues. A great variety of group specific reagents was 
available, and, initially, we chose to test those which were already 
known to inhibit Neurospora or yeast invertase. Another approach 
involved the use of reagents specific for amino acids which had been 
implicated in yeast invertase as active site residues, such as
42
histidine, cysteine and methionine. The choice of reagents in many 
cases depended on the conditions under which they could be used.
The conditions of the modification reaction must not in themselves 
inhibit activity or alter protein conformation. For invertase,this 
meant a working pH range of 4.2 to around 7. The acidic pH values 
below 4.2 .in particular had to be avoided because invertase activity 
is lost rapidly in such an environment, (Metzenberg, 1964).
Aniline is a reversible inhibitor of both yeast (Myrback, 1961) 
and Neurospora (Metzenberg, 1963a) invertase. Pressey (1968) re­
ported that pyridoxal inhibited Neurospora invertase reversibly. 
Experiments (Table 1) with both of these compounds confirmed that 
they are reversible inhibitors of Neurospora invertase. One of the 
possible mechanisms of inhibition by these reagents is the formation 
of a Schiff's base between the inhibitor and the enzyme. Of course, 
the two compounds would react with different amino acids. Aniline 
would form a Schiff's base with a residue possessing a carbonyl 
group and pyridoxal would react with a residue possessing an amino 
group. Sodium borohydride could reduce the Schiff's base to a 
secondary amine and thus make the inhibition irreversible. Treat­
ment" of Neurospora invertase with aniline or pyridoxal in the 
presence of NaBH^ resulted in 5% and 20% inhibition respectively 
(Table 1). This degree of inhibition did not seem sufficient and, 
since further treatment with NaBH^ might entail the destruction of 
the enzyme, the experiments were discontinued. Thus, it seems un­
likely that these two inhibitors function through formation of a 
Schiff's base. Another carbonyl inhibitor, hydroxylamine, produced 
only 2% inhibition (Table 1).
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The proposed mechanism of Invertase catalysis (Myrback, 1960) 
suggested another method of labeling the active site through reduction 
of a Schiff's base. The substrate, or the fructosyl-O-enzyme inter­
mediate, might be bound to the enzyme through Schiff's base formation 
between a carbonyl group of the substrate and an amino group of the 
enzyme. Attempts to reduce the enzyme-substrate complex with NaBH^ 
and irreversibly inhibit the enzyme were unsuccessful, even under 
most stringent conditions (Table 1). In fact, sucrose and fructose 
protected invertase from partial inactivation by NaBH^ following incu­
bation at 37 C for 1 1/2 hours.
1Yeast^and Neurospora invertase have been reported to be inhibited 
by p-CMB (Metzenberg, 1963a and Myrback, 1955), which reacts specif­
ically with cysteine. Inhibition of yeast invertase by silver ions 
(Myrbacki 1955) and iodine (Myrback and Willstaedt, 1957b) also points 
to the-participation of cysteine in catalysis. Titrations of 
Neurospora invertase (Table 2) with pCMB under various conditions (with 
and without 6 M urea) indicate that at most two moles of cysteine are 
present per mole of invertase. The titrations demonstrated that at 
least one to two moles of pCMB are bound to one mole of enzyme under 
non-dissociating conditions. Inhibition studies showed that invertase 
is not irreversibly inhibited by pCMB under these conditions (Table 1).
Since studies (Metzenberg, 1963a and Myrback, 1960) of the 
alkaline branch of the pH-activity curve indicated that histidine was 
involved in activity, attempts were made to inhibit invertase with 
bromoacetic acid. If the reagent is used between pH 5 and 7; it is 
specific for histidine and cysteine (Gurd, 1967). The reaction is 
usually very slow; but in some cases (Barnard and Stein, 1959), when
Table 2. pCMB titration of Invertase.
Conditions umoles of pCMB moles of cysteine
umoles of invertase mole of invertase
pH 4.6 3.8/2.1 1.8
pH 4.6 + 6 M urea 3.1/2.1 1.5




pH 5 + 6 M urea 4.2/2.1 2.0
a catalytic residue is involved, carboxymethylation can be much 
faster at elevated temperatures. Complete inhibition was not found 
when Neurospora invertase was incubated with great excesses of 
bromoacetic acid at pH 5.5 and 37 C for several hours (Table 1).
Inhibition by•carboxymethylation was also attempted at pH 4.5 
with bromoacetic acid, iodoacetic acid and iodoacetamide. At this 
pH, the reaction should be with either methionine or cysteine (Gurd, 
1967). Shall, Baseer and Waheed (1971) reported the inhibition of 
yeast invertase by iodoacetamide but not by iodoacetic acid. 
Neurospora invertase was not inhibited by any of these compounds 
(Table 1).
Iodine, which is an inhibitor of yeast invertase (Myrback and 
Willstaedt', 1957b), was the only reagent tested which irreversibly 
inhibited Neurospora invertase significantly. Iodine may be quite 
specific in its action on a particular protein, but it is capable of 
reacting with a number of amino acid residues. The reactions involve 
either oxidation'or' electrophillc substitution. Tyrosine and histi­
dine are iodinated; cysteine, cystine, tryptophan, and methionine
are oxidized (Koshland, Englberger, Erwin and Gaddone* 1963). Iodi- 
natlon is readily detected by the use of radioactive iodine. Products 
of the oxidation reaction are much more difficult to determine.
The effect of increasing the concentration of*iodine on Neurospora 
invertase activity is shown in Table 3. All iodine solutions were 
made in 0.1 M potassium iodide. A separate experiment (Table 1) 
demonstrated'that potassium iodide is not in itself' an irreversible 
inhibitor. However, it is probable that the active molecule is KI^ 
(Nisli1 and Townshend, 1968), rather than I^•
Table 3. The effect of 
invertase.
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The enzyme was not protected from Iodine Inhibition by sucrose 
(Table 4). It was not reactivated by the thiols, mercaptpethanol or 
cysteine (Table 5). Reactivation of Iodine Inhibited enzyme by thiols 
Indicates Involvement of a sulfur containing amino acid. Lack of 
reactivation does not rule out the possibility, because over-oxidation 
of cysteine, cystine or methionine may occur during reaction with 
iodine.
Table 4. The effect of substrate on iodine inhibitiono
Conditions Sample Percent inhibition
16.5 moles 1^ invertase + sucrose* 90
mole of invertase, 
25 C, 10 minutes
invertase 91
16.5 moles I^ invertase + sucrose 77
mole of invertase, 
0 C, 30 minutes
invertase 72
* The concentration of sucrose was.17 mg/ml.
Table 5. The effect of thiols pn reactivation of iodine treated 
invertase.










mercaptoethanol 26,822 84 83
cysteine 2,332 84 85
Sedimentation velocity studies of iodine treated invertase demon­
strated that the quaternary structure of the enzyme is not altered
(Figure 1). The Son value of 10.45 S obtained with iodine treated/U | w
invertase correlates well with that for an untreated sample (10.3 S). 
Obviously, the protein is neither dissociated nor aggregated. Iodine 
oxidation may cause the formation of disulfide linkages between intact 
enzyme molecules (Glazer and Smith, 1965); this would be indicated by 
an increase in the sedimentation coefficient.
Fingerprints prepared from tryptic digests of iodine treated and 
untreated invertase did not reveal convincing differences between the 
two samples. The major spots appeared identical.
Polyacrylamide gel electrophoresis showed that a more negatively 
charged component, which may also have a smaller molecular weight, is 
present after iodine treatment. Electrophoresis was performed in an 
alkaline buffer which normally causes some dissociation of untreated 
invertase. The presence of a faster moving band seen after iodine 
treatment does not contradict the results of the sedimentation velocity 
studies showing non-dissociation. An increase in negative charge on 
a portion of.the molecule cpuld indicate oxidation of a cystine or 
cysteine residue to a compound such as cysteic acid.
Assays (Table 6) of the carbohydrate associated with the enzyme 
indicated that no loss of carbohydrate occurred with iodine inactiv­
ation.
Experiments with radioactive iodine demonstrated'that tyrosine 
and histidine were not iodinated. The example cited in Table 7 is 
one of several experiments which gave similar results. Thus, electro- 
philic substitution of iodine on a histidine or tyrosine residue
Figure 1. Sedimentation rate study of invertase which had
been inactivated by iodine. The solvent is 0.05 M 
acetate buffer (pH 5) containing 0.1 M NaCl. The 
photograph was taken 49 minutes after reaching 2/3 
speed. Rotor speed: 56,000 rpm. Temperature: 20 C.
Snn = 10.45 S.

could not be the mechanism of Iodine Inhibition. Oxidation by Iodine 
remained as the alternate explanation of Inactivation. This Is a 
much more difficult problem to solve because of the instability of 
many of the oxidation products.
Table 6. The effect of iodine on enzyme carbohydrate.
Sample moles of iodine mg hexose
mole of invertase mg protein
Iodine 21 0.138
treated invertase 1099 0.125
Control- ...... none 0.110
Table 7. Incorporation of radioactive iodine.
gram atom of iodine
Conditions mole of invertase
Reaction' stopped with 0.01
cysteine after 10 minutes 0.04
0.05
Reaction for 10 minutes 0.55
followed by dialysis 0.29
[ 0.24
Tryptophan is probably the most difficult one to quantitate 
because it cannot be recovered after acid hydrolysis in the amino 
acid analyzer. Tryptic digests of iodine treated invertase and un 
treated invertase were subjected to one-dimensional high-voltage
electrophoresis and stained with Grhllch's reagent which Is specific 
for tryptophan. There was no difference between the tryptophan pep­
tides of the control and the iodine treated samples. No peptide 
spots were missing from the iodine-treated sample.
The spectrophotometric technique for measuring oxidation of 
tryptophan was devised by Patchornik, Lawson, Gross and Witkop 
(1960). Certain modifications were necessary to apply this procedure 
to iodine treated invertase. Due to absorbance of iodine at 280 nm, 
the difference in optical density between treated and untreated in­
vertase was determined after completion of the reaction. According 
to Patchornik"et al., it is not possible to obtain the maximum dif­
ference under these conditions and the figures obtained are probably 
lower than they should be. The results (Table 8) indicated that 
approximately 3 tryptophan residues per mole of invertase were 
oxidized by iodine. In another experiment, invertase was treated 
with 2-hydroxy-5-nitrobenzyl bromide (HNBB), a reagent which is con­
sidered highly specific for tryptophan (Barman and Koshland, 1967).
Table 8.' Titration of oxidized tryptophan residues in iodine 
treated invertase.
Experiment number moles of I^ Oxidized







Invertase was not Inhibited significantly by HNBB. Using the procedure 
of Barman and Koshland (1967), it was determined that, although inver- 
tase was not inhibited, it did bind approximately 4 moles of HNBB per 
mole of enzyme. These results indicate that tryptophan residues are 
located In superficial positions on the molecule and are easily oxi­
dized by iodine and reactive to HNBB. However, this oxidation by 
iodine is probably not responsible for the loss of activity.
Amino acid analyses of iodine treated invertase (Table 9) re­
vealed very few differences between experimental and control samples. 
There was some loss of tyrosine and a small amount of methionine 
sulfone was present in the iodine treated samples. This suggested 
oxidation of methionine; and since Shall, Baseer and Waheed (1971) 
had suggested this as the mechanism of inhibition of yeast inhibition, 
the procedure for amino acid analysis was modified for detection of 
oxidation of methionine. If methionine sulfoxide is produced, then 
methionine will be regenerated from this compound during acid 
hydrolysis. One way of avoiding this is through carboxymethylation 
and performic acid oxidation of the sample before hydrolysis 
(Neumann, Moore and Stein, 1962). Methionine sulfoxide is resistant 
to carboxymethylation, so that only methionine will be carboxymethyl- 
ated. During performic acid oxidation, the methionine sulfoxide will 
be converted to methionine sulfone which is stable to acid hydrolysis. 
Then, the amount of sulfone present in the experimental sample less 
the amount present in the control will indicate the amount of sulfoxide 
produced by iodine treatment. The results (Table 10) show no difference 
in methionine and methionine sulfone between experimental and control 
samples. The large amount of sulfone present probably reflects
methionine which is burled in the Interior of the molecule and there­
fore unavailable for alkylation.
Table. 9* Amino-acid, composition of iodine treated invertase-and 
untreated invertase.
Amino acid Number of residues Residues of treated
treated Control Residues of control
Lysine 60.2 59.3 1.01
Histidine 23.7 24.9 0.95
Arginine 50.9 48.5 1.05
Aspartic acid 183.9 178.7 1.03
Threonine 127.2 127.5 0.99
Serine 118.0 117.2 1.01
Glutamic acid 133.7 134.2 1.00
Proline 90.5 89.2 . 1,02
Glycine 150.5 150.7 1.00
Alanine 125.2 128.0 0.98
Valine 119.2 114,5 1.04
Methionine 20.8 19.4 1.07
Isoleucine 64.2 61,1 1.05
Leucine 121.7 126.5 0.96
Tyrosine 55.5 65,8 0.84
Phenylalanine 69.5 71.5 0.97
Methionine
sulfone . 2.6 Trace
Table.10. Amino acid composition of Iodine treated and untreated 
Invertase after carboxymethylation and performic acid 
oxidation.
Amino acid Number of residues Residues of treated
treated Control Residues of control
Lysine 66.6 64.5 1.05
Histidine 25.2 25.7 0.99
Arginine 51.4 48.5 1.07
**Homoserine lactone 11.4 7.3 1.59
Cysteic acid 10.6 7.5 1.43
Aspartic acid 174.9 187.3 0.95
Methionine sulfone 7.1 6.8 1.07
Threonine 131.7 123.1 1.08
Serine 125.4 122.0 1.04
Glutamic acid 120.5 121.9 1.00
Proline 83.5 85.0 0.99
Glycine 152.1 154.0 1.00
Alanine 115.3 117.3 1.00
Valine 106.5 108.7 0.99
Methionine 3.2 2.8 1.16
Isoleucine 56.3 51.0 1.12
Leucine 173.7 173.2 1.02
Tyrosine 38.6 53.9 0.73





* Present but not separated from proline sufficiently to quantitate.
**Difficult to measure accurately because it is on the trailing edge 
of the ammonia peak.
The results of this analysis did show that more cystelc acid 
(43%) Is present In the Iodine treated sample and that S-carboxymethyl 
cysteine Is present In the control sample only. The amount of tyro­
sine was lowered in the control because of the effect of performic 
acid. However, tyrosine was even lower in the experimental sample, 
indicating that iodine treatment does affect tyrosine. These results 
are difficult to interpret in view of other evidence. An increase in 
cysteic acid in iodine treated samples and the appearance of S-carboxy­
methyl cysteine suggest oxidation of cysteine by iodine. The lack of 
inhibition by pCMB seems to indicate that this oxidation would not 
affect activity. Oxidation of tyrosine by iodine under these circum­
stances may be possible but has not been reported in the literature. 
Iodinated tyrosine is partially lost during acid hydrolysis but.the 
ultimate effect is the regeneration of tyrosine, rather than destruction 
(Koshland-, Engleberger, Erwin and Gaddone, 1963).
Several alternative explanations may account for all the facts.
A vital cysteine is oxidized by iodine, but it cannot bind pCMB. Or, 
iodine oxidizes a cystine residue which would not bind pCMB, but which- 
could be alkylated under acidic conditions. The tyrosine difference 
may be due to oxidation by iodine or by the oxidation product of 
cysteine during preparation for amino acid analysis in a manner similar 
to the oxidation of tyrosine by methionine sulfoxide (Neumann, Moore 
and Stein, 1962).
Cysteine cannot be converted to sulfenyliodide because this 
would have appeared as bound radioactive iodine. However, sulfenyl 
halides are quite unstable and are quickly oxidized by water (Moeller, 
1952). Such a compound might well be an intermediate in the oxidation
process initiated by iodine. The oxidation product is probably not 
cysteic acid because it should have been detected in the first amino 
acid analysis (Table 9). On the other hand, a sulfenic acid deriva­
tive would be so unstable (Parker and Allison, 1969) that it probably 
would not be detected under normal conditions of analysis but could 
be oxidized to cysteic acid by treatment with performic acid. In 
light of these considerations, the reaction sequence shown in Figure 2 
is proposed as a possible explanation of iodine inhibition of 
Neurospora invertase. Figure 3 shows the effect of the Neumann,
Moore and Stein (1962) procedure for preparation of samples for amino 
acid analysis on iodine treated and control samples, if such a re­
action sequence is assumed.
II. Subunit Structure
Purified Neurospora invertase migrates as one major protein band 
and one minor protein band when subjected to polyacrylamide gel 
electrophoresis with a running pH of 9.3 (Meachum, Colvin and Braymer, 
1971). Both of these bands are enzymatically active and the faster 
moving- band represents subunits of the intact molecule. Braymer 
(personal communication) found that addition of mercaptoethanol to 
the invertase solution and to the electrophoresis buffer produced a 
single faster moving band during electrophoresis. This suggested the 
dissociation of the molecule to a homogeneous small molecular weight 
subunit.
To investigate the possibility that reducing conditions in an 
alkaline medium would cause dissociation of Invertase, the sedimen­
tation coefficient of the enzyme at various pH's with and without
Figure 2. Proposed mechanism of inhibition of invertase by 
iodinec






Figure 3 Effect of carboxymethylation and perforate acid 
oxidation during preparation for amino acid analysis 
on iodine treated and untreated invertase.
Iodine Treated Invertase Control Invertase


























* Cole, Stein and Moore (1958).
0.1 M mercaptoethanol was determined. All solutions contained 0.1 M 
NaCl. The percent of each component In these titrations Is shown In 
Figures 4 and 5 and Table 11. The effect of Increasing basicity Is 
identical to that reported by Meachum, Colvin and Braymer (1971).
They found that, If a solution of purified invertase was adjusted to 
pH 8.9 with 1 N NaOH and the sedimentation coefficients determined 
immediately, a 5.6 S peak appeared in addition to a 9.9 S peak. At 
pH 5, a single peak with an S£q w of 10.5 S was present. The titra­
tions with base both in the presence and absence of mercaptoethanol 
caused the appearance of a "5 S" species and the gradual increase of 
this form relative to the "10 S" species. The pK for this dissociation 
appears to be 10.25 for solutions which do not contain mercaptoethanol. 
For solutions which do contain mercaptoethanol, the pK is reached at 
a slightly less alkaline pH, 9.8. At pH 10.5, in the presence of 
mercaptoethanol, the enzyme exhibits only one peak with an S2 Q w of 
2.3 S (Figure 6). The peak was symmetrical, indicating homogeneity.
In the absence of reducing conditions, the dissociation did not occur. 
The pK for this dissociation is approximately 10.3. Several amino 
acids have groups which can dissociate in the pH range involved in 
dissociation of the "10 S" to the "5 S" molecule and in the dissociation 
of these*to the "2 S" molecule (Williams and Williams, 1967). The 
phenolic hydroxyl of tyrosine has a pK range of 9.8 to 10.4. Epsilon 
amino groups of lysine and N terminal amino groups both dissociate in 
this range, since they have individual pK ranges of 9.4 to 11.0 and 
7.9 to 10.6 respectively. The latter is unlikely, since invertase 
has a covered amino terminal group (Colvin, 1969). One or both of the 
others could be involved in the two dissociations. One effect of the
Figure 4. The effect of increasing alkalinity on sedimentation 
rate.
•  represents the "10 S" species.
O  represents the "5 S" species.
▲. represents the "3 S" species.
Percent
“UX
Figure 5. The effect of increasing alkalinity and reducing 
conditions on sedimentation rate.
•  represents the "10 S" species.
O  represents the "5 S" species.
A  represents the "2 S" species.
Percent
Table-11. The effect of Increasing alkalinity and reducing-conditions 
on the sedimentation rate of invertase.
Conditions pH S (observed) Percent
Buffer + 0.1 M NaCl +






10.50 2 . 2 1 0 0
Buffer + 0 . 1 M  NaCl 5.00 9.7 1 0 0




9.40 1 0 . 0 61
5.2 39
9.40 1 0 . 0 73
5.2 27
1 0 . 0 0 9.8 57






10.50 1 0 . 2 33
5.2 67
* These percentages were estimated 
of the 5.2 S and 3.1 S peaks.
because of the lack of separation
Figure 6 . Sedimentation rate study of invertase in 0.05 M
glycine-NaOH buffer containing 0.1 M mercaptoethanol 
and 0.1 M NaCl. The photograph was taken 13 minutes 
after reaching 2/3 speed. Rotor speed: 56,000 rpm.
Temperature: 20 C. S£q w  = 2.4 S.
||
titration of these groups might be the development of a charge re­
pulsion between subunits. Since mercaptoethanol is required for the 
dissociation to a "2 S" species, the reduction of disulfide linkages 
must also be involved in this dissociation.
If mercaptoethanol is not included in the pH 10.5 buffer, the 
enzyme produces two or three peaks in the ultracentrifuge. Two of 
these peaks are major and have sedimentation coefficients (S2 Q w) 
of 10.3 S and 5.4 S. The third peak, which did not appear in one 
sample, is a minor one with an S value of 3.2 S. According to
Meachum, Colvin and Braymer (1971), if the enzyme solution is brought
up to pH 11.9 by addition of 1 N NaOH and immediately sedimented, one 
peak with an S^q w of 3.8 S is observed. Presumably, a continued 
titration of the sample without mercaptoethanol would have produced 
similar results.
The fact that mercaptoethanol was necessary to produce dis­
sociation to material of a lower S value suggests that disulfide 
linkages play a role in maintenance of quaternary structure. Meachum
(1970) reported an observed S value of 3.4 S for reduced and S-
carboxymethylated invertase in pH 8 . 6  solution. This work also 
implicates disulfide linkages. However, the Son of invertase under
9  W  '
reducing conditions (0.005 M dithiothreitol) at pH 5 is 10.3 S 
(Meachum-; 1970), which is identical to that of the native enzyme at 
pH 5 with non-rreducing conditions. Invertase that had been dissociated 
by incubation-for 22 hours in pH 10.5 buffer containing 0.1 M 
mercaptoethanol reaggregated to the 10 S form upon dialysis to pH 5 
regardless of the presence,of 0.1 M mercaptoethanol in the pH 5 buffer. 
The'reassociated invertase S value of 10.04 S correlates well with
00
observed S values for purified undlssoclated Invertase. An explanation 
for these phenomena might lie in the fact that the reactive form of 
mercaptoethanol is the negatively charged molecule (HOd^CHgS”).
Hence, titration of mercaptoethanol is also occurring as well as tit­
ration of the protein. At a particular basic pH, the concentration of 
RS reaches an effective level. At pH 5, the same molar concentration 
of mercaptoethanol would produce a much lower and ineffective con­
centration of RS . A similar, situation may develop during poly­
acrylamide gel electrophoresis when mercaptoethanol is added to the 
electrophoresis buffer. The electric field may create a localized 
concentration■of RS which is capable of reducing invertase. Of course, 
a combination of the two factors, alkaline pH and RS concentration, 
may be involved. The dissociation of "10 S" to "5 S" that results 
with the increasing pH may also be necessary before reduction can 
occur. However, the two dissociations do not appear to be strictly 
sequential since "10 S" is still present just prior to dissociation to 
the "2 S" species. A certain degree of unfolding, rather than dis­
sociation, may be necessary before reduction can occur. The disulfide 
bonds may constitute interchain linkages and reduction would then 
involve direct dissociation to a lower molecular weight form. If the 
linkages are intrachain, reduction might cause chain unfolding. This 
in itself could effect the sedimentation rate or allow further dis­
sociation through exposure of the interior of the molecule to the 
basic pH.
Amino acid analyses of invertase (Meachum, Colvin and Braymer,
1971) indicate that 9 half-cystine residues are present per mole of 
invertase. This allows for the presence of four disulfide linkages.
The assumption is usually made that these residues are Identical but 
this is not necessarily the case. Nakagawa and Perlmann (1971) 
studied the effect of reduction on the disulfide linkages of pep­
sinogen and pepsin. They found that two cystine residues were
readily reduced. The third cystine could not be reduced unless urea 
was added to the solution. Invertase may also contain cystine . 
residues which react differentially toward mercaptoethanol reduction. 
As will be discussed in a later section, a third time dependent dis­
sociation occurs under these conditions which may reflect reduction 
of buried disulfide linkages.
A comparison (Table 12) of the sedimentation coefficients of 
invertase incubated at pH 10.5 under reducing conditions for various 
time intervals suggests that changes are occurring which effect the 
rate of sedimentation. The effect of time under these conditions 
on activity, carbohydrate and the ability of subunits to reassociate 
was determined. It was hoped that this would indicate what con­
ditions could be used to study intact subunits as opposed to degra­
dation products. The effect of the basic pH alone on "10 S" and
"5 S" species was determined by incubating invertase in pH 10.5 
buffer. All incubations and dialyses were carried out at 4 C. If 
the enzyme is incubated at pH 10.5 under reducing conditions and 
then restored to normal conditions by dialysis against 0.05 M 
acetate buffer, pH 5, irreversible changes occur between 24 and 48 
hours of incubation. This is not the case if the enzyme is incu­
bated for comparable times at pH 10.5 without addition of mercap­
toethanol. Table 13 shows the effect on activity, and Table 14, 
the effect on carbohydrate content for incubation for various times
Table 12. The effect of time of Incubation In alkaline solution under 
reducing conditions on sedimentation rate and molecular 
weights of Invertase.
Time of incubation 


















* Molecular weights were determined by sedimentation equilibrium 
ultracentrifugation at 20 C for 24 hours with the samples after 
the sedimentation rate ultracentrifugation.
** Molecular weights were calculated from the S£q values. See 
the text for explanation. *
*** This sample was sedimented at 4 C. The other samples in the table 
were sedimented at 20 C.
Table 13. The effect of alkalinity and reducing conditions on 
enzyme activity* of Invertase.
Conditions of Time of
Incubation Incubation Specific Percent
(hours) activity inhibition
pH 10.5 glycine-
NaOH buffer + 0.1 M NaCl 24 1127 2
48 1256 0
1 2 0 1587 0
pH 10.5 glycine-
NaOH buffer + 0.1 M NaCl + 24 825 28
0.1 M mercaptoethanol 48 2 98
1 2 0 ! 99
* Enzyme assays were performed at pH 5 after the samples were 
dialyzed against 0.05 M acetate buffer (pH 5).





incubation mg hexose Experimental*
(hours) mg protein Control
pH 10.5 glycine- 24 0 . 2 0 1.17
NaOH buffer + 0.1 M NaCl 48 0.31 0.96
1 2 0 0.40 1.18
pH 10.5 glycine- 24 0.18 1.06
NaOH buffer + 0.1 M NaCl + 
0.1 M mercaptoethanol 48 0.51 1.59
1 2 0 0.44 1.30
* The figures represent the ratio of mg hexose per mg protein of 
treated.invertase samples to mg hexose per mg protein of untreated 
samples of invertase.
under the two sets of conditions. Sedimentation coefficients after 
restoration of pH 5 are shown,in Table 15.
Table 15. The effect'of alkalinity and reducing conditions on 
reassociation of Invertase at pH 5.
Conditions Time of Sedimentation
of incubation incubation (hours) coefficient (S2 Q w)




48 1 0 . 2
1 2 0 8,7
24 9.6
48 2.3
1 2 0 2.4
pH 10.5 glycine- 
NaOH buffer +
0.1 M NaCl +
0.1 M mercaptoethanol-.
Twenty-four hours incubation at pH 10.5 under reducing conditions 
does not appear to affect the.ability of the subunits to reaggregate 
at pH 5. The S.n value of 9.6 S obtained for reaggregated invertase
i\J ,W
is close to that of untreated invertase. However, after 48 hours 
under dissociating conditions, the subunits are unable to reassociate 
at pH 5. A peak with an S2 Q w value of 2.3 S is present plus what 
appears to be very heterogeneous faster moving material. The presence 
of mercaptoethanol in the pH 5 buffer after incubation at pH 10,5 
under reducing conditions for 22 or 96 hours does not alter the situ­
ation. After 22 hours, the enzyme can still reassociate to an S value 
of 10.04 S but after 96 hours, the S value remains at 2.5 S. As can 
be seen in Table 15, incubation of invertase at pH 10.5 alone does
not Initially effect the'sedimentation rate after restoration to pH 5. 
After five days Incubation, a significant change to an Son value ofi w
9.08 S is seen.
After 24 hours incubation at pH 10.5 with mercaptoethanol, 72% 
of the enzyme activity is regained after restoration to pH 5. After 
48 hours incubation under the same conditions, activity cannot be 
regained. Inactivation Is hastened by raising the temperature to 
20 C. Incubation-for 22 hours at 4 C followed by 70 minutes at 20 C 
irreversibly inhibits invertase. This loss of activity seems to occur 
concurrently with the loss'of the ability to reaggregate but they 
could be independent events. One piece of evidence which suggests 
that they are independent events is the effect of mercaptoethanol on 
restoration of activity. If mercaptoethanol is included in the pH 5 
buffer after incubation at pH 10.5 under reducing conditions, then 
only 46% of the activity Is restored, even though total reassociation 
occurred (10 S = 100%). This is compared with a 72% regain of activity 
if mercaptoethanol is not added. Five days incubation at pH 10.5 alone 
had absolutely no effect on enzyme activity, even though the S value 
had decreased somewhat.
The amount of carbohydrate Is unchanged by 24 hours at pH 10.5 
under reducing conditions, but after 48 hours of incubation it appears 
to increase. This was surprising because a loss in carbohydrate due 
to alkaline degradation was expected. According to Neuberger,
Marshall and Gottschalk (1966), alkali may cause many changes in 
carbohydrates. The reactions include isomerization, fragmentation by 
reverse aldollzatlon, dehydration and rearrangements. However, all 
the reactions require a reducing end'on the sugar and, if these are
not-free in invertase carbohydrate, degradation could not occur. The 
increase may also be due to changes■in the carbohydrate through
7
epimerization, which could cause an increase in absorbance when 
assayed by the phenol-sulfuric acid procedure. Dubois et al. (1956) 
demonstrated that different monosaccharides react to different degrees 
under the conditions of the assay. An alternative explanation is that 
the quantity of carbohydrate is not being altered"but; that protein is 
being lost. The"results would then appear to indicate an increase 
in carbohydrate; Work in progress on the determination of the number 
of C terminals of invertase indicates that the minimum peptide molec­
ular weight may be under 2 0 , 0 0 0  daltons (Braymer, personal communi­
cation) e The loss of such small molecules through escape during 
dialysis would not be unlikely. This would imply an.unequal distribution 
of carbohydrate on subunits, if the loss were due to escape of small 
subunits from the dailysis bag.
In view of the irreversible dissociation which occurs between 
24 and 48 hours of incubation in pH 10.5 buffer under reducing condi­
tions at 4 C, it appears that the S9n value of 2.8 S, which was.ZU | w
obtained within 23 hours incubation, represents dissociation to intact 
subunits. Though the other S values determined at later times may also 
represent dissociation to normal subunits, the criterion for assuming 
this, i.e. ability to reassociate, has been lost.
This irreversible change which occurs between 24 and 48 hours 
makes the determination of molecular weights by sedimentation equilibrium 
extremely difficult. Early determinations were performed at a temper­
ature of 20 C on material which had already been incubated at pH 10.5 
in mercaptoethanol beyond the critical time. These studies (Table 16)
Table~16; Sedimentation equilibrium determinations7 of molecular










1. 54 4 15,500
24 2 0 23,100
30,600
2 . 144 4 21,700
24 2 0 30,100
3. 408 4 24,700
31 2 0 30,900
4. 70 4 50,200
33,600
5.* 26 4 48,400
29,700
* Run at a speed of 36,000 rpm after overspeeding for one hour at 
56,000 rpm.
revealed that molecules of several different molecular weights were 
present in what had appeared to be a homogeneous peak during the sedi­
mentation velocity studies. The sedimentation equilibrium experiment 
run at 20 C which was performed after the shortest period (54 hours) 
of incubation at 4 C appeared to contain three components with 
molecular weights of 15,500, 23,100 and 30,600 daltons. The two 
samples which had been Incubated for much longer periods contained two 
species with molecular weights comparable to 23,100 and 30,600 daltons 
(Figure 7) but nothing smaller was present. The appearance and dis­
appearance of the 15,500 molecular weight form may be artifactual but
Figure 7. Log net fringe-displacement as a function of comparator 
x coordinate in a Yphantis sedimentation equilibrium run. 
Rotor speed: 30,000 rpm; Temperature: 20 C.
Solvent: -'0. 05 M glycine-NaOH buffer (pH 10.5) con­
taining' 0.1 M NaCl and 0.1 M mercaptoethanol.
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it .may represent progressive dissociation followed by loss of the 
smaller species. Calculation of the minimum molecular weight which 
could: be present in material of a.particular sedimentation coefficient 
may be performed with the following equation (Williams and Williams, 
1967):
U .  f - J  • U 2  IT2  A 2  J n37 1/2£ i-w J
where, M is molecular weight; s is the sedimentation coefficient; 
v is partial specific volume .of the protein; d is density of the 
solvent; n is viscosity of the solvent; and A is Avo^adro's number. 
Spherical shape of the molecule must be assumed in order to derive 
the above equation. Since it is unlikely that the protein is spher­
ical, the molecular weights obtained by this method are minimum 
molecular weights. These calculations show that the minimum molec­
ular weight present in material with an S£q w  value of 2.4 S, 17,500. 
This demonstrates that it is possible for a species with a molecular 
of 15,500 daltons to be present in material with these S values.
The fact that the molecular weights determined after long periods 
of incubation at pH 10.5 and mercaptoethanol are constant indicates 
that the change in S value from 2.4 S to 1.85 S may be due to changes 
in conformation; It is very unlikely that random degradation of the 
protein by alkali occurs, since the two species, 30,000 and 23,000 
are present throughout incubation.
Two sedimentation equilibrium experiments were carried out at 
4 C. In one experiment equilibrium was reached after 19 hours, 
giving a total of 26 hours of incubation of Invertase in pH 10.5 
buffer with mercaptoethanol. The molecular weights obtained in this
run should correspond to the species present in the 2.8 S peak before
Irreversible dissociation occurs. Two molecular weights of 48,400
and-29,700 daltons were obtained. The other experiment involved a
total of 70 hours incubation of invertase under dissociating con-
-ditions at 4 C. The molecular weights (50,200 and 33,600) obtained
under these conditions were close to those obtained with the shorter
incubation. The minimum molecular weight calculated for an SOAzu ,w
value of 2.8 S is 22,000.
Molecular weights in the. same range were obtained by Meachum 
(1970). He found that 5;889 M guanidine hydrochloride caused dis­
sociation of' invertase to two molecular weight species of.84,000 
and 45,400 daltons. If 0.1 M mercaptoethanol is added to the solution 
it exhibits homogeneity nnd^contains a species with a molecular weight 
of 51,500. These results-are difficult to reconcile. Meachum-suggests 
that the appearance of the 45,400 dalton entity in the absence of 
mercaptoethanol-reflects oxidation of cystine to cysteic acid.
Using"the technique of density gradient'centrifugation, Braymer 
(personal communication) determined an approximate molecular weight
for the."5 S" species of 82,600. The molecular weight of the intact
■|«molecule is known to "be 210«, 000; *r 15,600 .• These facts, combined with 
those presented in this dissertation, suggest a theoretical scheme of 
sequential dissociation. The "10 S" entity (210,000) is dissociated 
to a dimer, the "5 S" species (82,600), by denaturants such as 
guanidine hydrochloride or alkali. According to Meachum (1970), the 
82,600 dalton molecular weight is a minimum weight for the dimer. 
Addition of a reductant, such as mercaptoethanol, after the initial 
disruption of conformation causes a dissociation of the "5 S" species
to.a "2 S" species -which contains material of approximately 50,000 
and.30,000 dalton molecular weights. The third dissociation to 2.A S 
or 1.85 S produces species with molecular weights of 15,000, 23,000. 
and 30,000. It is tempting to suggest that the 50,000 dalton form 
dissociates'to 23,000 and 30,000 molecular weight entities and that 
the 30,000 species further dissociates to the 15,000 form. Other 
combinations"are also possible. However, these may not represent 
normally occurring subunits.- The dissociations may be caused by 
. alkaline ..cleavage of sensitive peptide bonds, though they cannot be 
caused by random degradation because of the persistence of the 30,000 
and 23,000 molecular weight forms. Or, they may represent the eventual 
reductioir:of buried disulfide linkages exposed by slow changes in con­
formation. The fact that the enzyme cannot reassociate after this 
dissociation may indicate that the enzyme has been abnormally split. 
However, Nakagawa and Perlmann (1971) found that reduction of a buried 
disulfide linkage in pepsin caused irreversible changes and enzymatic 
activity could not be restored by reoxidation. Peptide linkages had 
not been cleaved but apparently the conformation was irreversibly altered 
by disruption of this vital disulfide bond. Another cause of the lack of 
reassociation in the invertase case might be the loss of the smaller 
subunits through escape-during dialysis, which was used extensively 
throughout these experiments.
III. Studies of Invertase Secretion by the Slime Mutant of Neurospora 
crassa 
A. Ultrastructure
The thin sections of slime cells from solid and liquid media at
any .of .the'ages sampled showed no evidence of-cell wall material. The 
cells.were.bounded by a unit membrane with a total thickness of approx­
imately 9 nm (Figures 9, 10,11, 12). The membrane was frequently 
convoluted and appeared at times to form invaginated pockets.
All cells studied shared certain general morphological features. 
They were multinucleate and the nucleus was surrounded by the typical 
double membranous envelope (Figure 11). The nucleus frequently con­
tained a denser granular-, area which was probably the nucleolus 
(Figure 11). Little endoplasmic reticulum was present (Figure 12).
Oval and spherical electron dense bodies ranging in diameter from 
0 .1 5 7 1 m to 0.3 jum were found in many sections (Figures 10, 11, 12).
They were bounded by a single membrane and exhibited some heterogeneity. 
Their function has not been determined. None of the cells possessed 
Golgi or dictyosomes. Glycogen inclusions were not found.
Other morphological features varied with respect to cell age or 
type of substrate (solid or liquid) employed. For example, the 
majority of the cells from liquid culture had a spherical or oval shape. 
In contrast, cells grown on solid surfaces were quite pleomorphic and 
had projections which resembled pseudopods (Figure 10). Also, the 
size of cells growing on solid medium tended to increase with time.
Cross sections of cells which were 48 hours old had an average diameter 
of 6 pm. By 72 hours, the average diameter had increased to 10 pm 
(Figure 10). The size of cells growing in liquid media decreased with 
time. The average diameter of a cross section of cells at 48 hours 
was 10 pm (Figure 11), but by 96 hours, it had decreased to 3 pm 
(Figure 9).
The mitochondria of young cells in liquid culture resembled those
Figure 8 . Thin sections ofcwlld?rtype Jleurospora crassa- 
mycelium. X32>000.
Explanation of Plates: In'the following figures,
ER signifies endoplasmic, reticulum; CW, cell wall 
PM, plasma membrane; M; mitochondria; B, electron 
densebody; N, nucleus; V, vacuole.

Figure 9 Thin section"of N. crassa slime variant cell taken 
from a 96 hour.old liquid culture. X46,000.
Marker * 0.5; pm." (See Figure 8 ).

Figure 10. Thin-section of-N- crassa slime cell removed from an 
agar slant after 72 hours incubation. X9,5O0.
Marker = 1.pm. (See Figure 8).
• i j H 1 '* 's i xv  ** < *» * » , t »* *
Figure 11. Thin section of-N. crassa slime cell taken from a 
48 hour old liquid culture. X17,600.
Marker = 1 pm. (See Figure 8).
s n
Figure.12. Thin section of-N. crassa slime cell removed from an 
agar slant'after 72 hours incubation. X27,500. 
Marker = 1 pm. (See Figure 8).
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of.wild-type Neuroapora crasaa in several respects (Figures 8 and 11). 
The.cristae were distinct'entitles and were arranged randomly with 
respect to the longitudinal axis of the mitochondria. However, in 
all other cells,;the mitochondria did not resemble wild-type mito­
chondria (Figures'9i 10 .and-12).. They were extremely" electron dense 
and the cristae were not well-defined. Intracristal spaces seemed to 
be,lacking; This appearance might have been caused by a combination
of factors, such as dilation of intracristal spaces and accumulation
of materials with affinity for the stains used. Great variation in 
the shape of mitochondria was found. They were spherical, oval, 
-elongated or irregular and some were branched. In diameter or width, 
the mitochondria ranged from 0.07 pm to 0.83 pm. The elongated forms 
had lengths of 0.45 pm to 2 pm. Cross sections of older cells in 
liquid culture contained very few mitochondria. Nine was the maximum 
number of mitochondria found in any one section, and many contained 
less than five. In contrast, large numbers of mitochondria were found 
in young cells growing on solid medium. The number of mitochondria
in these cells ranged from 20 to 90 per section.
The number of nuclei also varied with age of the cells and the 
type of medium. Older cells from solid media and younger cells from 
liquid medium contained more nuclei (1 to 6 per cross section) than 
younger'cells from solid medium and older cells from liquid medium 
(1 to 2 per section). Some nuclei were spherical or oval in shape 
but most were irregular. We found no correlation between age or size 
of these cells and the shape of the nucleus, which may indicate whether 
or not nuclear division is occurring (Namboodiri, 1966).
Cells grown on solid medium contained vacuoles of moderate size
(Figure 10). Young cells from liquid culture did not contain vacuoles 
(Figure 11), but older cells were highly vacuolated (Figure 9). They 
iappeared to be in a state of advanced degeneration.
B.. Invertase Studies
Invertase assays of liquid cultures of slime' cells. sampled at 
various ages, demonstrated that invertase waB produced by this mutant. 
The quantitative assays'(Table-17) showed that very low levels of 
invertase activity were present in young cultures from 24 to 48 hours 
old. After 48 hours, the levels of invertase increased. The total 
units of invertase present approached wild-type (74 A) Neurospora 
crassa levels of invertase after 60 hours of incubation.
Table 17. Invertase activity of the slime mutant
Time (hours) Specific activity Total units
Ouchterlony gel diffusion assays showed that the slime invertase 
cross-reacted with anti-Invertase antibody and gave a single line of 
identity with wild-type invertase.
In order to study the distribution of invertase between cells and 
external milieu, the cultures were crudely fractionated as described 
















on each fraction. The results (Table 18) showed that almost all the 
invertase (95%) produced by the slime mutant-is secreted into the 
medium'and very low levels are present in the cells. In contrast, 
80.5% (74 A) and 98.5% (SF26) of the total invertase produced by 
these wild-type strains at 76 hours growth was found to be associated 
with the hyphae. Only 19.5% (74 A) and 1.5% (SF26) of the total in­
vertase was found’ in the medium.
. Table.18. Invertase secretion" by the slime mutant
Time





















What appeared to be actively secreted invertase could actually 
have been released into the external surroundings by cell lysis. In 
order to determine whether or not this was probable, slime and SF26 
Neurospora crassa cultures were sampled at 48, 72 and 96 hours incu­
bation. At each time, the absorbance of the medium at 260 nm and 
the dry weight of the cells was determined. The absorbance at 260 nm 
per gram of cells (si or SF26) did not increase as the cultures aged, 
indicating that substantial lysis had not occurred.
The results of QUchterlony gel diffusion assays’indicated-that 
invertase produced by the slime variant of Neurospora crassa was very 
similar, if not identical, to wild-type invertase. Quantitative 
assays (Table 17) of activity sampled at various time intervals, 
showed that wild-type levels of activity were reached in older cultures. 
However, the distribution (Table 18) of invertaBe between cell and ex­
ternal milieu did not approximate the wild-type condition, where most 
(80% to 98%) of the invertase is associated with the cell. Instead, 
the mutant resembled artificially produced protoplasts in this respect. 
Trevithick and Metzenberg (1964) reported that invertase was secreted 
by N. crassa protoplasts at a linear rate over 18 hours of incubation. 
Invertase within protoplasts remained constant for twelve hours and 
then increased slightly by 18 hours of incubation. They attributed 
the increase to partial regeneration of cell wall. Even with this 
increase, an examination of their data showed that at 18 hours 80% or 
more of the total invertase was found in the external menstrum.
In other respects as well, the mutant cells resembled protoplasts 
(Bachmann and Bonner, 1959 and Manocha, 1968). The internal structure 
was less complex than in.wild-type cells. The mu,tant cells contained 
numerous vesicles, vacuoles and mitochondria but little endoplasmic 
reticulum. The nuclei resembled those,of protoplast? and the cells were 
approximately the same size as protoplasts.
Of course, the most obvious common feature between the slime cells 
and protoplasts is the lack of a cell wall. Thin sections of the 
slime cells demonstrated that the mutant possessed no wall material.
This is quite evident when the outer boundary of the slime variant 
(Figures 9, 10, 11 and 12) is contrasted with that of wild-type
.Neuroapora crassa (Figure 8). The wild-type wall consisted of the 
two layers described by Shatkin and Tatum (1959). The outer electron- 
dense layer appeared to be frayed; the inner layer was broader and 
electron-lucid. The slime mutant lacked the two wall layers and was 
bounded only by a unit membrane of 9 nm. This corresponds closely 
to the width of 7 nm reported for the plasma membrane of wild-type.
N. crassa (Shatkin and Tatum, 1959) and of 8 nm reported for that of 
yeast protoplasts (Hlrano, Tacreiter, Eaves and Kaplan, 1968).
Other workers have reported the presence of abnormal cell wall 
on slime spheroplasts at all ages (Emerson, 1963) or on slime hyphlets 
during certain stages (Woodward and Woodward, 1968 and van Winkle,
1969). We examined thin sections of the cells which were used to 
inoculate liquid cultures and cells produced in liquid culture through 
four days of Incubation and found no wall material at any stage. The
difference in our findings and those of others may be due to the fact
that we studied only si strain #1118, whereas others studied, in ad­
dition or exclusively, si strain #327. At any rate, we feel that the 
slime mutant cells we examined would more aptly be referred to as 
"protoplasts" rather than spheroplasts or hyphlets. As we have.already 
mentioned,'in many respects, the mutant cells mimlced artificially 
produced protoplasts of Neurospora,crassa. However, the slime cells 
had the advantage of being stable "protoplasts", i.e., they did not 
regenerate cell wall during the period studied. As a consequence, the 
slime mutant:should serve as an excellent system for studying enzyme se­
cretion and other phenomena related to the two outer cell boundaries,
the plasma membrane and the cell wall.
SUMMARY
I. Active-Site Studies
A number of inhibitors, which could serve as "tagB1' for detecting 
active site residues, were tested foT their ability to irreversibly 
inhibit invertase. Aniline and pyridoxal were allowed to react with 
invertase in the-presence of sodium borohydride. These reagents did 
not irreversibly inhibit invertase under these conditions, which in­
dicates that they do not form Schiff's bases with invertase residues. 
Hydroxylamine, which is a carbonyl inhibitor, did not serve as an 
irreversible inhibitor. Fructose and sucrose were incubated with 
invertase in'the presence of sodium borohydride, so that Schiff's 
bases which might form.between substrate (or product) and enzyme would 
be reduced.- Invertase was not inhibited under these conditions, p- 
Chloromercuribenzoate did not inhibit invertase irreversibly, although 
pCMB was bound by Invertase (1 to 2 moles pCMB/mole of invertase). 
Bromoacetic acid was used with two sets of conditions. One was de­
signed to make the reagent specific for histidine residues and the 
other, for methionine. Iodoacetic acid and iodoacetamide were used 
with conditions which make these reagents fairly specific for methionine. 
Invertase was not inhibited by any of these alkylating agents. The 
enzyme was not inhibited by 2-hydroxy-5-nitrobenzyl bromide (HNBB), 
which is specific for tryptophan. A spectrophotoipetric procedure in­
dicated that HNBB bound four moles of tryptophan per mole of enzyme.
This suggests that invertase has several exposed tryptophan residues.
Iodine was found to be an extremely potent irreversible inhibitor. 
The inactivation was dependent on the concentration of iodine. For
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example, seventeen moles of Iodine per mole of Invertase produced 93% 
Inhibition but'3 moles of Iodine per mole of invertase produced only 
50% inhibition*"Substrate did not protect the enzyme from Inactivation 
and.it was not reactivated by mercaptoethanol and cysteine. Sedimen­
tation velocity studies of iodine inactivated invertase demonstrated 
that the quaternary structure of-the enzyme is not altered. Finger­
prints prepared from tryptic digests of iodine-treated'and untreated 
invertase did'not reveal convincing differences between the two samples. 
Polyacrylamide gel electrophoresis showed that a more negatively 
charged component, which may also have a smaller molecular weight, is 
present after iodine treatment. Assays of the carbohydrate associated 
with the enzyme indicated that no loss.of carbohydrate occurred with 
iodine inactivation. Experiments with radioactive iodine demonstrated 
that tyrosine and histidine are not iodinated. Tryptic digests of 
iodine-treated invertase and untreated invertase were subjected to 
one-dimensional high-voltage electrophoresis and stained with Ehrlich's 
reagent which is specific for tryptophan. There was no difference 
between control peptides and iodine-treated peptides. Spectrophotom- 
etric determination of oxidized tryptophan indicated that 2 to 3 moles 
of tryptophan per.mole,of invertase were oxidized by iodine. However, 
the lack of inhibition by HNBB indicated that this oxidation of trypto­
phan could not account-for the loss of activity. Amino acid analyses 
of iodine-treated invertase and untreated invertase which had been 
carboxymethylatedTand performic acid oxidized indicated that methionine 
was not oxidized. However, the presence of excess cysteic,acid in the 
iodine-treated samples and of S-carboxymethyl cysteine in the control 
sample suggested that cysteine or cystine was oxidized by iodine. A
mechanism of Inhibition by iodine through the formation of a sulfenic 
acid derivative by-oxidation of cysteine or cystine Is proposed.
II. Subunit Studies
The effect of reducing^conditions In alkaline solutions on the 
quaternary structure of Invertase was Investigated.' Titrations with 
base in the presence and absence of mercaptoethanol were performed.
The sedimentation coefficient was used as a measure of the effect of 
theBe conditions on quaternary structure. Increasing basicity resulted 
in the appearance of a "5S" subunit in addition to the intact molecule 
(10 S). The same pattern of increasing amounts of the "5 S"form, 
relative to the "10 S" form was observed in solutions containing mer­
captoethanol as in those which did not, until pH 10.5 was reached. At 
this pH, invertase under reducing conditions dissociated completely to 
a "2 S" form. The fact that mercaptoethanol is necessary to produce 
this dissociation' suggests that disulfide linkages play a role in 
maintenance of quaternary structure.
A comparison of the sedimentation coefficients of invertase
incubated at pH 10.5 under reducing conditions at 4 C for various time
intervals shows that changes are occurring which effect the rate of
sedimentation. The value drops from 2.8 S to 2.4 S in 144 hours20,w r
and with longer incubations it drops further, to 1.85 S. The effect 
of time under these conditions on activity, carbohydrate and the ability 
of subunits to reassociate was determined. The effect of basic pH alone 
was determined by incubating at pH 10.5 without mercaptoethanol. The 
solutions were restored to pH 5 after incubation; they were then 
assayed and resedimented in the ultracentrifuge. The results showed
that in the presence of mercaptoethanol at pH 10*5, invertase under­
goes irreversible* changes between 24 and 48 hours of incubation.
Enzyme activity is completely lost and carbohydrate is increased.
This may reflect a loss of protein or changes in the carbohydrate by 
epimerization; The enzyme is no longer able to reasBOclate to "10 S" 
or ”5 S" species. If incubation is concluded around 24 hours, 72% 
of the enzyme activity can be.regained, carbohydrate content is un­
changed and the subunits are able to reassociate completely to the
"10 S" form. An of 2.8 S is obtained with invertase which has20,w
been incubated for 23 hours under these conditions. This S value 
probably represents intact subunits, as opposed to degradation products, 
by virtue of the fact that they retain the ability to reaggregate to 
active enzyme. Incubation at pH 10.5 and restoration to pH 5 results 
in total retention of activity. The sedimentation coefficient is 
unchanged, except that after five days at pH 10.5, it has decreased 
from "10 S" to 8.7. This may reflect changes in conformation.
Molecular weights for invertase in pH 10.5 buffer under reducing 
conditions were determined by the sedimentation equilibrium technique. 
Several experiments were carried out at 4 C. Molecular weights of 
48,400 and 29,700 were obtained from a sample which had been incubated 
a total of 26 hours under dissociating conditions. These molecular 
weights probably correspond to material with an S£q w  value of 2.8 S.
If molecular weights-were determined at 20 C after longer incubation 
periods, values of approximately 23,000 and 30,000 were obtained. In 
one experiment, an additional species with a molecular weight of 
15,500 appeared; A model system is proposed in which the "10 S"
(210,000 daltons)1 molecule dissociates to a "5 S" (estimated 82,000
daltons) molecule In basic solutions. Under reducing conditions, the 
"5 S" molecule dissociates to subunits of 50,000 and 30,000. These 
subunitshnay also dissociate to 23,000 and 15,0001molecular weight 
moieties.
Ill. Studies of Invertase Secretion
Electron micrographs of thin sections of"cells of the slime 
variant of Neurospora crassa revealed that the mutant possessed no 
cell wall during the stages of the life cycle studied. Thin sections 
of•the cells which were used to inoculate liquid cultures and cells 
produced in liquid culture through four days of incubation were ex­
amined. Other aspects of the ultrastructure of the slime mutant are 
described.
The results of Ouchterlony gel diffusion assays indicated that 
invertase produced by the slime variant is very similar, if not iden­
tical, to wild-type invertase. The quantity of enzyme produced ap­
proaches wild-type levels after 60 hours of incubation of a liquid 
culture. Over 95% of the total enzyme was secreted by the mutant.
This did not resemble the distribution of invertase in wild-type cells, 
where 80% to 98% of the total enzyme is associated with the cells. 
Instead, the mutant resembles artificially produced protoplasts in 
this and other respects.
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